CJ1ABO HEJTHHEHHA5I yCTOHHHBOCTb KOHBEKTHBHBIX 
MArHHTOrH^PO^HHAMHHECKHX 
CHCTEM BE3 a-30>3>EKTA 
K B03MYmEHHflM C BOJlbLQHMH MACLQTABAMH 

B.A.>KejiHroBCKHH 

MejKjjyHapojjHbiH hhcthtyt Teopnn nporH03a 3eMJieTpaceHHH 
ii MaTeiviaTiiHecKOH reocpH3HKH PAH 

JlaSopaTopna oSmen aspo^iiiiaMiiKii, Hhcthtyt MexaHHKH Mry 

PaccMOTpeHa 3ajjaHa o cjiaSo HejiHHeimoH yctohhhbocth k B03MyineHHHM c Sojib- 

HIHMH MaCHITa6aMH TpeXMepHblX KOHBeKTHBHMX MarHHTOrHJjpOJJHHaMHHeCKHX COCTO- 
HHHH, B KOTOpblX HeT OL — 9(p(peKTa, HJIH OH HeCyiHeCTBeHeH (HanpHMep, H3-3a HajIHHHH 

b CHCTeMe CHMMeTpHH OTHOCHTejiBHO ueHTpa hjih BepTHKajiBHOH och) . npeflnojiaraeTCH, 

HTO B HCCJieflyeMOM Ha yCTOHHHBOCTb MRU, COCTOHHHH OTCyTCTByiOT SojibHine npocT- 

paHCTBeHHO-BpeMeHHbie MacniTaSbi, h oho ycTOHHHBO k B03MymeHH5iM c TaKHM me 
MajibiM npocTpaHCTBeHHbiM MacniTaSoM, KaK h b HCCJie/xyeMOM coctohhhh. BbiBe^eH- 
Hbie c noMombio acHMnTOTHnecKnx MeTO^OB ypaBHeHna jj,jis cpe^HHx nojien B03Myme- 
hhh o6o6maiOT CTaH^apTHbie ypaBHGHHH MarHHTorHjjpojjHHaMHKH (HaBbe-CTOKca h 

MarHHTHOH HHijyKHHH). B HHX nOHBJIHIOTCH OnepaTOp KOMSHHHpOBaHHOH BHXpeBOH 

^H(p(py3HH, BOo6rne roBopa, aHH30TponHbiH 11 He o6a3aTejibHO OTpniiaTejibHO onpe,ne- 
jieHHbiii, ii flonojiHiiTejibHbie KBajjpaTHHHbie HJieHbi, aHajiornnHbie ajTBeKTHBHbiM. 

1. BBefleHHe. CorjiacHO cyiiiecTByiorniiM HaynHbiM npejjCTaBJieHHHM, MarHHTHoe 
nojie njiaHeT CojiHeHHoft CHCTeMbi c pacnjiaBJieHHbiM hjtpom, BKjnonaH 3eMJiio, no,n v ziep- 
>KHBaeTca KOHBeKTHBHbiMH MarHHTorH^po^HHaMHHecKHMii (Mr,I[) npoiieccaMH b pac- 
njiaBjieHHOM a,zrpe (cm., HanpHMep, Mo(p(paT, 1980; IlapKep, 1982; Zeldovich h ,zrp., 
1983; IlapKHHCOH, 1986; Merrill h jjp., 1996). B npHHirnne, sth npoueccbi mojkho 
HCCJiejj;oBaTb, ancjieHHO peniaa CHCTeMy onncbiBaioiHHx hx ypaBHeHHii (HaBbe-CTOKca 
c yaeTOM chji ApxHMe,na, Kopnojinca h Jlopemia, MarHHTHOH HHJryKHiiH h Tenjionpo- 
bojjhocth). 3tot noflxofl iicnojib30BaH, HanpHMep, b cepnn paSoT RiaTHMaiiepa c 
coaBTopaMH: Glatzmaier h Roberts [1995a, 6; 1996a, 6; 1997a, 6], Glatzmaier n jjp. 
[1999], Christensen h pp. [1999], Olson n «p. [1999], Roberts h Glatzmaier [2001], 
r,ne ynajiocb BOcnpoH3BecTH JTiinojibHyio b rjiaBHOM Mopcpojiornio MarHHTHoro nojia 
3eMJin n ero xaoTnaecKne HHBepcnn, bmhhcjihh penieHna btoh cncTeMbi ypaBHeHnfl 
b ccbepnaecKOM cjioe, cooTBeTCTByiomeM BHenmeMy a^py 

OflHaKO flaace coBpeMeHHbie KOMnbiOTepbi He no3BOJiaiOT BbinojmaTb pacneTbi c 
npocTpaHCTBeHHbiM h BpeMeHHbiM pa3penieHHeM, jj,ocTaTOHHbiM jjjia 3HaneHHH napa- 
MeTpoB, xapaKTepH3yiOHi;Hx KOHBeKHiiio bo BHenmeM ajj;pe 3eMJin. TaK, yKa3aHHaa 
cepna pa6oT RjiaTinviariepa c coaBTopaMH cjj;ejiaHa ^;jih anceji Teftjiopa h 3KMaHa 
nopaJTKa 10 3 n 10~ 6 , hto Ha nopaJTKH BejiHHHHbi OTJinaaeTca ot hx 3HaaeHHH jj;jih 
iyrpa 3eMjin, ~ 10 9 n ~ 10~ 9 — 10 -15 (oneHKH no MOJieKyjiapHoii hjih Typ6yjieHTHOH 
KHHeMaTHnecKoii b33kocth), cooTBeTCTBeHHO. H3-3a rpySocTH (,HJifl paccMOTpeHHbix 
3HaneHHH napaMeTpoB) ncnojib30BaHHoro npocTpaHCTBeHHoro pa3penieHHH pacneTbi 



npoBOfliiJiii ajiropiiTMOM c hhcjighhoh rnnepB5i3KOCTbio, a stot cnocoS npocTpaHCTBeH- 
Horo crjiajKHBaHiia mojkgt cymecTBeHHO HCKa>KaTb pe3yjibTaTbi [Zhang h Jones, 1997; 
Sarson h Jones, 1999; Zhang n Schubert, 2000]: npn Hcnojib30BaHHH rnnepBa3KOCTH 
HeoceciiMMeTppiHHbie KOMnoHeHTbi nana ckopocth noTOKa >kh,hkocth h MarHHTHoro 
nana He^oon,eHHBaiOTCii no cpaBHeHnio c ocecnMMeTpHHHbiMn, n ^nnojibHoe MamnTHoe 
nojie OKa3biBaeTca npeflnoHTHTejibHon KOHcbnrypaniieH, Tor^a KaK 6e3 ee ncnojib30Ba- 
Hna npe^noHTHTejibHaa KOHcbnrypaHHa - KBaflpynojibHaa [Busse, 2000]. (Kpoivie Toro, 
Hcnojib30BaHne rnnepB5i3KOCTH npnBOflHT k yBejinneHHio atecTKOCTH cncTeivibi oSmkho- 
BeHHbix flH(p(pepeHn,najibHbix ypaBHeHHii Qypbe-rajiepKHHa, k kotopmm CBO,a,HTca 
ncxo^Haa cncTeivia ypaBHeHnn nocjie npocTpaHCTBeHHon ,nHCKpeTH3aiiHH.) Ilo sthm 
npHHHHaM nojiyneHHoe b stoh cepnn pa6oT xopoinee KanecTBeHHoe cooTBeTCTBne 
pe3yjibTaTOB pacaeTOB c peajibHbiM reo^HHaivio cjie^yeT CHHTaTb yflHBHTejibHbiM [Jones, 
2000]. 

9ia npoSjieivia Bbi3BaHa TeM, hto reo,a,HHaMO xapaKTeproyeTca HajinnneM CTpyKTyp, 
HMeiomnx nepapxHio npocTpaHCTBeHHbix MacniTaSoB, Memjiy KOTopbiMH (xaK n b 
TypSyjieHTHOCTH BOo6ru;e) nponcxo^HT B3anMOflencTBne (aBJieHHa npaMoro n oSpaTH- 
oro KacKa^a SHeprrra h nepeMe^KaeMOCTn) . UpHMep TaKnx KOHTpacTHbix CTpyKTyp - 
norpaHHHHbin cjioh 3KMaHa, B03HHKaiOHrHH b KOHBeKTHBHbix noTOKax BpamaiomeHca 
>kh,hkocth (npn ycjiOBHH npnjinnaHHa Ha rpamine), HeycTOHHHBOCTb KOToporo mokbt 
6biTb npHHHHoii reHepanrra MamnTHoro nana [Ponty n ,a,p. 2001a, 6, 2003; Rotvig 
h Jones, 2002]. B3aHMO,a,eHCTBHe a,a,pa n MaHTnn (core-mantle coupling), KOTopoe 
CHHTaeTca OTBeTCTBeHHbiM 3a fleKa^Hyio BapHannio fljiHHbi flHa (TaK, pa3Mepbi Tono- 
rpacbnaecKHx CTpyKTyp Ha rpaHHue pa3^ejia a^pa h MaHTHH He npeBbiniaiOT 5 km; 
cm., HanpnMep, Merrill h ,ap., 1996), a TaKJKe cymecTBeHHaa pojib, KOTopyio nrpaeT 
TypSyjieHTHOCTb b nponeccax reHepannn, -flpyrne npnMepbi BaxiHOCTH Majibix Macru- 

TaSOB B KOHTeKCTe reO(DH3HHeCKHX npH JIOJKeHHH . 

,ZIa;>Ke ecjin KOHBeKHiia b npncyTCTBHH MarHHTHoro nojia paccMaTpHBaeTca ,n;jia 
ycjiOBHH 3eMJin, ee HeoSxo^HMO nccjieflOBaTb b uejiOH oSjiacTH b npocTpaHCTBe napa- 
MeTpoB, TaK KaK peojiorH^ecKHe cooTHonieHHa [Christensen, 1989] h 3HaneHna napa- 
MeTpoB [Peltier, 1989], Bxoflainne b cncieMy ypaBHeHnii, onpe^ejiaiomyio kohb6kthb- 
Hyio Mr/^ CHCTeMy, H3BecTHbi TOJibKO npn6jiH>KeHHO. (TaK, oneHKH KOScpcbninieHTa 
TenjiOBoii ,u;HCpcby3HH b a^pe 3eMJin OTJinaaiOTca Ha HecKOJibKO nopaflKOB, cm., Hanpn- 
Mep, Merrill h ^p. [1996].) ITpn stom jKejiaTejibHO BbiaBHTb THnnnHbie pe>KHMbi 
noBefleHHa CHCTeMbi h jiOKajiH30BaTb tohkh 6H(pypKairHH, b kotopmx nponcxo^HT 
ero nepecTpoHKa. 3to h6bo3mo>kho c^ejiaTb hhcto nncjieHHO H3-3a orpoMHoro o6T>eMa 
TpeSyeMbix BbiHHCJieHnn; cjie^OBaTejibHO, HeoSxoflHMO npnMeHaTb aHajinTHnecKne h 
rnSpn^Hbie aHajiHTHKO-BbiHHCJiHTejibHbie no^xoflbi. TaKoii no^xofl npHMeHeH, Hanpn- 
Mep, b H3BecTHbix HCCJie^OBaHHax reoflHHaMO BparHHCKoro [1964a-^, 1967, 1975] h 
Soward [1972, 1974], r^e c noMombio acHMnTOTnaecKHx pa3JiojKeHHii SbiJia onpe^ejieHa 
BejiHHHHa KOScbcbnnneHTa a-scbcbeKTa, noaBjiaiomeroca b paccMOTpeHHbix hmh Mr,I[ 
CHCTeMax. 

,HaHHaa CTaTba aBjiaeTca Henocpe^CTBeHHbiM npoflOJDKeHneM cepnn pa6oT aBTopa, 
r,a;e Sbiji ncnojib30BaH TaKofi rnSpH^HbiH no^xofl ^Jia aHajiH3a jiHHeiiHOH [>KejinroBC- 
khh, 2003] h cjiaSo HejinHeimoH [>KejiHroBCKHii, 2006] ycTOHHHBOCTH Miyj npocTpaH- 
CTBeHHO-nepnoflHnecKHx cocToaHnn, a TaKJKe, coBMecTHO c Baptista h ,a,p. [2004, 
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2005], - jiimeiiHOH ycTonanBOCTn CTannoHapHbix coctojihhh b KOHBeKnnn Psjiea- 
BeHapa b cjioe b npiicyTCTBiiii MarHHTHoro nana. XapaKrepHbift npocTpaHCTBeHHbin 
MacniTaS B03MynieHHH caaTaeTca cymecTBeHHO Sojibiae xapaKTepHoro MacnrraSa pac- 
CMaTpiiBaGMoro KOHBeKTHBHoro Mr,I[ cocToaHaa. Bo3MymeHne pacKjia^biBaeTca b 
acHMnTOTHaecKae CTeneHHbie pa^bi no MajiOMy napaivieTpy e, OTHonieHnio sthx Macni- 
Ta6oB. MeTO^bi Teopnn ocpe^HeHna ypaBHeHnn b aacTHbix npon3BOflHbix fljia mhoto- 
MacniTaSHbix cncTeivi (cm., Hanpniviep, MOHorpacbnn Bensoussan n ,zrp., 1978; Oleinik 
n ,n;p., 1992; Jikov n ^p., 1994; Cioranescu n Donato, 1999) no3BOJiaiOT CTporo 
BbiBecTH 3aMKHyTbie ypaBHeHna fljia KpyaHOMacniTaSHbix CTpyKTyp B03MynieHna , 
ycpe^HeHHbix no mcjikhm MacnxraSaM, b kotopbix BjinaHne MejiKOMacniTaSHbix CTpyK- 
Typ BbipajKaeTca aepe3 cnerrnajibHbie ajieHbi c ycpeflHeHHbiMH KOScpcpnnneHTaMH. 
BbinncjieHne sthx K03(bcpHHHeHTOB CBO^HTca k ancjieHHOMy penieHnio cncTeivi jinHen- 
hmx flncpcpepeHnnajibHbix ypaBHeHnn b aacTHbix npoH3BO^Hbix. 

B paSoTe >KejinroBCKoro [2003] npe^nojiarajiocb, aTO paccMaTpnBaeMoe cocToaHne 
CTan,noHapHO n iieHTpajibHO-caMMeTpaaHO, b paSoTe >KejiaroBCKoro [2006] - nem- 
pajibHO-CHMMeTpnnHO, a b paSoTax Baptista n ^p. [2004, 2005] - CTannoHapHO n 

CHMMeTpHHHO OTHOCHTCJIbHO BepTHKajIbHOH OCH. HajIHHHe 3THX CHMMCTpHH rapaHTH- 

pyeT, hto a-3(p(peKT OTcyTCTByeT hjih HecymecTBeHeH. B yKa3aHHbix 3aflanax Ha 
jiHHeiiHyio ycToaaaBOCTb rjiaBHbie ajieHbi pa3Jioa<eHHH MOfl Mr,I[ B03MymeHHH CTanao- 

HapHblX COCTOaHHH H HX HHKpeMCHTOB pOCTa aBJiaiOTCa COOTBeTCTBeHHO C06CTBeHHbIMH 

BeKTopaMH h coScTBeHHbiMH 3HaaeHaaMa onepaTopa KOMSaHapoBaHHoii BnxpeBOH 
(TypSyjieHTHOii) flH(p(py3HH. 3to onepaTop b aacTHbix npoH3BO,nHbix BToporo nopa^Ka, 
BOoSrne roBopa, aHH30TponHbiii h He o6a3aTejibHO 3HaKOonpeflejieHHbiH. Ecjih oh 
HMeeT nojio>KHTejibHbie coScTBeHHbie 3HaaeHaa, roBopaT, aTO HMeeT MecTO aBjieHae 
OTpHHaTejibHoii ,nHcbcby3HH [Starr, 1968]. (B KHHeMaTHaecKOM flHHaMO sto aBjieHae 
accjie^OBajiH Lanotte h ,irp. [1999], Zheligovsky h ,irp. [2001], Zheligovsky h Pod- 
vigina [2003] h Zheligovsky [2005].) B 3aflaae o cjiaSo HejiHHeHHoii ycToftaHBOCTH 
Mr^ cocToaHHii b ypaBHeHHax fljia cpe^HHX nojien B03MyrneHHa noaBJiaiOTca TaKace 
^onojiHHTejibHbie KBaflpaTHaHbie ajieHbi, aHajioraaHbie a^BeKTHBHbiM [>KejiaroBCKaa, 
2006]; b SToii paSoTe TaK>Ke o6o6meH MeTO,a, Zheligovsky [2005] fljia SKOHOMaaHoro 
BbiaacjieHaa KOScbcbariaeHTOB BaxpeBoa ,iracpcby3aa a a,a,BeKiiaa b ypaBHeHaax fljia 
cpearmx nojieii. >KejiHroBCKHH [2006] He npeanojiaraji CTarrHOHapHOCTb MFJX cocToaH- 
na, ycToiiaHBOCTb KOToporo oh nccjieapBaji. B stom cjiyaae ycpeaireHHe HeoSxoaiiMO 
npoBO^HTb no Bceii npocTpaHCTBeHHO-BpeivieHHOH oSjiacTH H3MeHeHHa SbiCTpbix nepe- 

MeHHblX, a K03(b(pHH,HeHTbI BHXpeBblX TeH30pOB - KOHCTaHTbl , B aaCTHOCTH, He 3aBH- 

camae ot BpeMeHH; tskhm o6pa30M, accjie^OBaHae BpeMeHHoii 3aBacaMOCTa BaxpeBoii 
B33K0CTH ot BpeivieHH Gama h Chaves [2000] He HMeeT noa, coSoii MaTeMaTHaecKoro 

OCHOBaHHa. 

YpaBHeHna cpearmx nojieii aaa cjiaSo HejiHHeiiHbix B03MymeHHH flByMepHbix CTa- 
H,aoHapHbix raapoaaHaMaaecKax cacTeM b OTcyTCTBae MarHHTHoro nojia paccMaTpa- 
Bajia b TepMHHax cbyHKiiaa TOKa Gama a ap. [1994] a Frisch a ap. [1996] (b aocaeaHea 
paSoTe aaa yaeTa njiaHeTapHoro BpameHaa b ypaBHeHae HaBbe-CTOKca Smjio BKjuoae- 
ho cjiaraeMoe, onHCbiBaiOHi;ee /3-scpcpeKT, h SbiJia paccMOTpeHa CHTyarrna Majiofi Haa,- 

KpHTHaHOCTH aJia B03HHKHOBeHHa SCpCpeKTa OTpHH;aTejIbHOH BHXpeBOH B33K0CTH). 

YpaBHeHaa fljia B03MymeHaa, aHajioraaHbie no MeTO^y nocTpoeHna ypaBHeHnaM 
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cpe^HHx nojiefi, H3ynajin paHee Newell [1983] n Cross n Newell [1984]; b KanecTBe 
HCxo^Hbix ypaBHeHHii, o^HaKO, ohh npnHHMajin MOflejibHbie ypaBHemia, npn6jiii>KeHHO 
onHCbiBaiomHe KOHBeKTHBHbie TeneHHa b cjioe b (popivie flecpopiviHpoBaHHbix BajiOB. 
Newell h ^p. [1990a, 6, 1993, 1996] h Ponty h ,a,p. [1997] HccjieflOBajin ycToiiHHBOCTb 
CHCTeMbi KOHBeKTHBHbix BajiOB h ^ecpeKTbi, B03HHKaK)iirHe b 3TOH CHCTeivie, pacciviaT- 
pHBaa nojiHyio ciiCTeiviy ypaBHeHHii ByccHHecKa KOHBeKHHH b cjioe jkh^kocth c jKecT- 
khmh rpaHiiiiaMH b nepeivieHHbix aivinjiHTyzia - cpa3a. Hapa^y c Me^jieHHbiMH BpeivieH- 

HOH H rOpH30HTajIbHbIMH npOCTpaHCTBeHHblMH nepeiVieHHblMH HMH 6bIJia HCnOJIb30BaHa 

Me^jieHHaa cpa3a, fljia KOTopoii BbiBe^eHO ycpe^HeHHoe ypaBHeHne. B nepenncjieHHbix 
Bbiine paSoTax Hbiosjuia c coaBTopaiviH MarHHTHoe nojie He paccMaTpHBajiocb. 

B 3toh CTaTbe paccMOTpeHa ,najibHeHHiaa SBOJHOHiia b cjiaSo HejiHHeiiHOM pe^Kiiivie 
B03Myni;eHHH c Sojibhihmh MacniTaSaMH TpexiviepHoro KOHBeKTHBHoro Miyj cocTOHHHa, 
jiHHeHHyio CTa^Hio pa3BHTna KOTopbix H3ynajiH Baptista h ^p. [2005], h BbiBe^eHbi 
ypaBHeHHH ,h,jih cpeflHHx nojien B03MymeHHii, KOTopbie OKa3biBaiOTCH oSoSmeHHeivi 

CTaHflapTHblX ypaBHeHHH MarHHTOrH,ZI,pO,ZIHHaMHKH. B OTJIHHHe OT H,HTHpOBaHHbIX 

Bbinie pa6oT >KejinroBCKoro c coaBTopaiviH, 3flecb pacciviaTpHBaeTCH KOHBeKHiia b 
cjioe, BparuaiorHeMca BOKpyr BepTHKajibHoii och, hto Sojiee ecTecTBeHHO ^Jia reocpH3H- 
necKHx npnjiojKeHHH, ho npHBOflHT k cjieflyiOHi;eH ajireSpanaecKoii TpyinrocTH. CTaH- 
^apTHbiii MeTOfl BbiBO^a ypaBHeHHii fljia cpe^Hnx nojien B03Myiu,eHHH Hcnojib3yeT to 
oScToaTejibCTBO, hto aflpo onepaTopa, conpa>KeHHoro k onepaTopy JiHHeapH3aiiHH 
ypaBHeHHH b OKpecTHOCTH cocToaHHa, ycTOHHHBOCTb KOToporo HCCJie^yeTca, 

coflep>KHT BeKTopHbie nojia - KOHCTaHTbi. YpaBHeHna fljia cpeflHHx nojiefi B03Mym;eHHH 
aBJiaiOTca ycjiOBneivi pa3peniHMOCTH ypaBHeHHii b SbiCTpbix nepeivieHHbix, OTBenaronxHx 
MajibiM MacniTaSaivi, KOTopoe no TeopeMe Ope^rojibMa coctoht b opToroHajibHOCTn 
npaBoii nacTH a^py conpa>KeHHoro onepaTopa n b paccMaTpHBaeMOM cjiynae SKBHBa- 
jieHTHO ycpeflHeHHio ypaBHeHHii b SbiCTpbix nepeivieHHbix. Ilpn Hajinnnn chjim Kopno- 
jinca aflpo conpajKeHHoro onepaTopa co^epjKHT KOHCTaHTbi, ecjin pa3peninTb jiHHeii- 
Hbiii pocT no ropn30HTajibHbiM HanpaBJieHnaM noTeHirnajia BbinnTaeivioro rpa^neHTa. 
O^HaKO Tor^a npn ycpe^HeHnn noaBjiaeTca cpe^Hee ot noBepxHOCTHoro HHTerpajia, 
cooTBeTCTByiomero ^aBjieHHio, He nivieiomee bha ^HcpcpepeHiniajibHoro onepaTopa 
ot cpeflHHx nojien B03MymeHHH. MtoSbi oSohth 3Ty cjioa<HOCTb, ypaBHeHne HaBbe- 
CTOKca y^oSHO pacciviaTpHBaTb b (popivie ypaBHeHna ^Jia 3aBnxpeHHOCTn. YpaBHeHne 
fljia ycpeflHeHHoro noTOKa nojiynaeTca Tor,na KaK ycjiOBne pa3peniHMOCTH ypaBHeHna 
npn e 3 , a He e 2 , k&k oSbinHO. 

BbiBe^eHHbie b HacToameii CTaTbe ypaBHeHna ,a,jia cpe^Hnx nojien moxho paccivia- 
TpHBaTb KaK aHajiHTHnecKoe oSocHOBaHne BbinncjiHTejibHoro MeTOfla KpynHbix Bnxpeii 
(large eddy simulations - cm. Sagaut, 2006), ecjin b KOHBeKTHBHOM Miyj cocToaHnn 
nivieeT MecTO pa3^ejieHne MacniTaSoB. B 3tom cjiynae BiviecTO oSbihho ncnojib3yeivibix 
b 3tom MeTOfle SMnnpnnecKHX (popiviyji fljia oneHKH BJinaHna iviejiKnx MacniTaSoB Ha 
KpynHbie h cnocoSoB 3aivibiKaHHn ypaBHeHHH fljia cpe^Hnx nojien ("KpynHbix Bnxpeii") 
mojkho ncnojib30BaTb BbiBefleHHbie 3^ecb TonHbie acnivinTOTHHecKHe pe3yjibTaTbi - 
BHxpeBbie TeH3opbi, K03(p(pHnneHTbi kotopmx Bbipa>KaiOTca nepe3 penieHnn Bcnoivio- 
raTejibHbix 3aflan. 
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2. ypaBHeHna KOHBeKipra b npncyTCTBHii MarHHTHoro nojia. KoHBeKTHBHoe 
Miyj cocToaHHe f2, V, H, T, HejiimeHHaa ycroHHiiBOCTb KOToporo nccjie^yeTca, y^OB- 
jieTBopaeT ciiCTeivie ypaBHeHiift 



80, 

— = vAtt + V x (V x n - H x (V x H)) + V x (V x re 3 + (3Te 3 ) + F, (1.1) 

CJ v 



<9H 

~dt 



r]AH + V x (V x H) + J, 



"7^~ — nAT — (V • V)T + S, 

V- V = V-H = 0, 

VxV = fl 



(1.2) 



(1.3) 

;i-4) 



(npHHHMaeTca npii6jiii>KeHiie ByccHHecKa). 3,a,ecb V(x, t) - CKopocTb noTOKa npoBO- 
flamefi >KHflKOCTH, f2(x, £) - ero 3aBiixpeHHOCTb, T(x, t) - TeMnepaTypa, H(x, t) - 
MarHHTHoe nojie, t - Bpeivia, u, r] h k, - K03(pcpiiii;iieHTbi KimeMaTiiHecKOH, MarHiiTHoii 
ii TenjiOBOH MOJieKyjiapHOH ^ii(p(py3iiii, cooTBeTCTBeHHO, r/2 - CKopocTb BpanjeHiia 
cjioa >KHflKOCTH, /3(T — To)e3 - ciuia ApxiiMe,a,a, F(x, i) - oS^eMHaa CHjia, J(x, t) 
OTBe^aeT HajiiiHiiio b CHCTeMe pacnpeflejieHiia Hajio>KeHHbix BHenmiix tokob, S^x, t) 

- HCTOHHHKOB Tenjia, efc - e,Z],IIHIIHHbIH BeKTOp BflOJIb OCH KOOp,H,IIHaT Xk- 

ropii30HTajibHbie noBepxHOCTii cjioa x% = ±L/2 cboSo^hm ii sjieKTponpoBO^Hbi: 



9V 1 



dx* 



x 3 =±L/2 



dx ? 



= 0, 



x 3 =±L/2 







n 2 






x 3 =±L/2 






dn 1 






2 


dx 3 


x :i =±L/2 


dx 3 



x 3 =±L/2 



o, 



V 3 

dn 3 



x 3 =±L/2 



= o, 



o, 



dx 3 
H 3 



x 3 =±L/2 



T 



x 3 =L/2 



x 3 =±L/2 

= T 2 



0; 



0; 



(2.1) 

(2.2) 
(2.3) 



= 7i, T 

x 3 =-L/2 

(BepxHiiii HHfleKC HyiviepyeT KOMnoHeHTbi BeKTopa). KoHBeKipia B03MO>KHa tojibko 
npii T\ > T 2 . YfloSHO BBecTii HOByio nepeivieHHyio G = T — 7\ + 5(^3 + L/2), rpp 
5 = (Ti — T 2 )/L, y^OBJieTBopaioinyio ypaBHeHiiio 
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kAQ - (V • V)0 -5V 3 + S 



ii KpaeBbiM ycjiOBiiaM 







x 3 =±L/2 



(3) 
(4) 
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JXjisi CHCTeMbi b cjiaSo HejiHHeiiHOM pe^Kiiivie cnnTaeivi, hto aivinjinTyfla B03MymeHna 
nopaflKa e. Bo3MymeHHoe cocroaHne V + ev, Q+euj, H + eh, Q+e9 TaKJKe y^OBJieTBO- 
paeT CHCTeMe (l)-(4), OTKy^a npocpnjin B03MymeHHH o;,v,h, 9 (b flajibHeiJnieM sth 
nojia Sy^eM Ha3biBaTb npocTO B03MymeHHaMH) y,a,OBjieTBopaiOT ypaBHemisM 

— = vAuj + Vx(Vxw + vxSl-Hx(Vxh)-hx(VxH)) 

+r— + (3V6 xe 3 +£Vx(vxu-hx(Vx h)), (5.1) 
dx 3 

dh 

— = r]Ah + V x (v x H + V x h + ev x h), (5.2) 

— = kA9-(V- V)0 - (v • V)0 - e(v • V)0 - <5v 3 , (5.3) 

V-v = V-h = 0, (5.4) 

V x v = uj. (5.5) 

YcpeflHeHiie no oSteiviy cjioa ropn30HTajibHbix KOMnoHeHT ypaBHeHna HaBbe-CTOKca 
(5.1) fljia B03Myin,eHHa, npe^CTaBjieHHoro b (popMe fljia ckopocth noTOKa: 

— = z/Av + Vxw + vxfl-Hx(Vxh)-hx(VxH) 

at 

+rv x e 3 + (39e 3 + e(v xw-hx(Vxh))- Vp, 

^;aeT 

^ = (v> h x re 3 - (Vp) fc , 

r,a,e oSosHa^eHO 

(f> fc = (f 1 )* + (f 2 )e 2 , 

1 rL/2 rt/2 r£/2 
^ " fe W J-L/2 L/2 J-e/2 /(X ' ^ ^ ^ ^ 

TaKHM o6pa30M, 3HaneHnaMn cpeflHero ropn30HTajibHon KOMnoHeHTbi B03MymeHna 
ckopocth noTOKa ynpaBjiaeT cpe^Hee rpafliieHTa ^aBjieHHa p, KOTopoe aojdkho 6biTb 
3a^aHO. Mm paccMaTpiiBaGM cjiynaii, Kor^a npoKa^HBaHna jkhakocth ckbo3b cjioh 
3a cneT nepena^a ^aBJieHna Ha SecKOHenHOCTH He nponcxo^HT; sto nivieeT MecTO, 
ecjin pocT flaBJieHHa Ha SecKOHenHOCTH orpaHnneH TaK, hto (Vp)h — 0. Tor^a, ecjin 
b HanajibHbiH MOMeHT ropH30HTajibHaa KOMnoHeHTa B03MymeHna ckopocth paBHa 
Hyjiio, to h b jiioSoh MOMeHT 

(v) h = 0. (5.6) 

3. IIpe^nojio^eHHa 06 nccjie^yeMOM kohb6kthbhom Mr^ cocto3hhh Q, V, 

H, G. Mm CHHTaeM, *ito BbinojiHeHbi cjie,iryioinHe ycjiOBna: 

1) Ilojia f2,V,H, G, onpeflejiaioiu,He ncxo^Hoe KOHBeKTHBHoe cocToamie, 
ycToiiHHBOCTb KOToporo nccjie,u;yeTca, rjia^Kn h rjioSajibHO orpaHnneHbi, h KoppeKTHbi 
Bee npocTpaHCTBeHHO-BpeivieHHbie ycpe^HeHna no SbiCTpbiM nepeivieHHbiM, npoBO^nivibie 
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b nponecce BbiBOija ypaBHeHHii cpejjHnx nojieii. 3th ycjiOBHH, KaK jierKO BH^eTb, 
BbinojiHeHbi, ecjin, Hanpniviep, ncxo/xHoe cocroaHiie nepnojxnHHO no npocTpaHCTBy n 
CTaipioHapHO hjih nepno^nnHO no BpeMeHH. 

IIpocTpaHCTBeHHoe cpe^Hee / no SbicTpbiM nepeMeHHbiM onpeflejineTcn paBeHCTBOM 

1 rL/2 rt/2 rl/2 

(/) = lim — / / / f )dx 1 dx 2 dx 3 , 
i^oc LI 2 J-L/2 J -e/2 J -1/2 

npocTpaHCTBeHHO-BpeMeHHoe cpe/xHee no SbiCTpbiM nepeMeHHbiM n ocunjiJinpyioiHaH 
nacTb nojia /, - cooTBeTCTBeHHO, 

((/)) = lim - [\f(x,t,X,T))dt, {/} = /-(/). 

t->oo t JO 

06o3HannM TaKJKe 

(f)^(f 3 )e 3 , {f}„ = f-(f)„; 

{f) v = ((f 3 ))e 3 , {f}„ = f - ff)„; 

(f> h = (f^ei + (f 2 )e 2 , {f} fc = f-(f) fc ; 

ffl^fflei + ffV {f} h = f-(f) h . 

2) B cncTeivie OTcyTCTByeT hjih HecymecTBeHeH a— 3(p(peKT. 3to ycjiOBne 6y,a,eT 
oScyjK^eHO /j;eTajibHO npn paccMOTpeHHH penieHna ypaBHeHHii nopHflKa e 1 we 2 . KaK 
Sy^eT noKa3aHO, oho 3aBeflOMO BbinojmeHO, ecjin ncxo/xHoe KOHBeKTHBHoe Miyj cocto- 

HHHe H;eHTpajIbHO-CHMMeTpHHHO: 

V(-x, t) = -V(x, t) => Q(-x, t) = ^(x, t); 
H(-x, i) = -H(x, t); 9(-x, i) = -0(x, t) 

(i.e. V H H H,eHTpajIbHO-CHMMeTpHHHbI, a f2 H 6 1 neHTpajIBHO-aHTHCHMMeTpHHHbl) , 
HJIH eCJIH OHO CHMMeTpHHHO OTHOCHTejIBHO BepTHKajIbHOH OCH! 

V 1 (-x 1 ,-x 2 ,x 3 ) = -V 1 (x 1 ,x 2 ,x 3 ), 

V 2 (-x 1 ,-x 2 ,x 3 ) = -V 2 (x 1 ,x 2 ,x 3 ), 
V 3 (-xi, -x 2 , x 3 ) = V 3 (x 1 ,x 2 , x 3 ), 
TaKHe me cooTHonieHHH BbinojmeHbi jj;jih f2 h H, 

0(-x 1 , -x 2 , x 3 ) = Q(xi,x 2 , x 3 ). 

3th flBa Tnna CHMMeTpnii coBMecTHMbi c ypaBHeHHHMH (1), (3) (Korija BbinojmeHbi 

COOTBeTCTByiOIHHe yCJIOBHH JJJIH HCTOHHHKOBblX HJieHOB F, J H S) H KpaeBblMH yCJIOBH- 

hmh (2), (4). Otmcthm, hto Hajinnne CHMMeTpnii KaKoro-Jin6o H3 sthx TnnoB He 
HeoSxoflHMO fljifl OTcyTCTBHA a— 3(p(peKTa (HanpHMep, KHHeMaTnnecKHn a— scpcpeKT 
He noflBjineTcn b ABC-noTOKax [Wirth n flp., 1995]). 
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Mm Ha3biBaeM BeKTopHoe nojie f aHTHCHMMeTpHHHbiM, ecjin 

f(-x,t) = f(x,t) 

fljia cjiynaa ueHTpajibHOH chmmctphh, hjih ecjin 

f 1 (-x 1 , -x 2 ,x 3 ) = f 1 (x 1 ,x 2 ,x 3 ), 

f 2 (-xi, -x 2 , x 3 ) = f 2 (xi, x 2 , x 3 ), 
f 3 (-xi, -x 2 ,a;3) = -f 3 0:2,2:3) 
fljia cjiyaaa ciiMMeTpnn OTHOCHTejibHO BepTHKajibHOH och. CKajiapHoe none / aHTii- 

CHMMeTpHHHO, eCJIH 

/(-x,f) = /(x,f), 

HJIH 

fi-Xi, -x 2 , x 3 ) = -f(x 1: x 2 , x 3 ), 

COOTBeTCTBeHHO. 

3) IlpocTpaHCTBeHHO-BpeMeHHbie cpe^HHe ropH30HTajibHbix KOMnoHeHT nojien V h 
H paBHbi Hyjiio. 3to ycjiOBne, oaeBH^HO, BbinojiHeHO aBTOMaTH^ecKH, ecjin Hcxo^Hoe 

COCTOaHHe HeHTpajIbHO-CHMMeTpHHHO HJIH CHMMeTpHHHO OTHOCHTejibHO BepTHKajibHOH 
OCH. 

4) HcxoflHbie cocToaHHa ycToiiHHBbi k B03MymeHH5iM c MajibiM npocTpaHCTBeHHbiM 
MacniTaSoM. OnepaTopbi jiHHeapH3an,HH ncxojj,Hbix ypaBHeHHii (5) b OKpecTHOcra 
HCCJiejj,yeMoro KOHBeKTHBHoro Mr,I[ cocToaHna HMeiOT bhjj, 

du> ( 
C u (uj, v, h, 6) = -— + z/A x uj + V x x Vxw + vxO 

\ <9v 

— H x (V x x h) — h x (V x x H) )+r— + /3V X # x e 3 , 

J dx 3 

dh 

£ h (v, h) = -— + ^A x h + V x x (v x H + V x h), 

f)0 

£ e (v, 9) = -— + kA x 6 - (V • V x )fl - (v • V x )0 - 5v 3 , 
at 

rjj,e 

V x • u = V x • h = 0, 
h v(x, t) yjj;oBJieTBopaeT cncTeivie ypaBHeHHH 

V x xv = w, V x -v = 0, (v) ft = 0. (6) 

OnepaTop jiHHeapH3an;HH jj;jiji ypaBHeHHa HaBbe-CTOKca b cpopivie jj;jiji ckopocth 

nOTOKa, SKBHBajieHTHblH L u , HMeeT bhjj; 
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<9v 

C v (y, h, 9, p) = -— + z/A x v + V x (V x x v) + v x Q 

-H x (V x x h) - h x (V x x H) + rv x e 3 + (39e 3 - V x p. 

IlycTb w,v,hi^ - npoH3BOJibHbie rjioSajibHO orpaHnneHHbie BMecTe c hx npoH3BO,n;- 
hmmh nojifl, yzjOBjieTBopinoiniie rpaHHHHbiM ycjiOBHHM (2) h (4). IlocKOJibKy V h H 
npHHaflJie>KaT STOiviy Kjiaccy, 

(rV,v,M)>„ = -^; (7.1) 

<£*(v,h)> fc = -^; (7.2) 

=► (£»(u>,v,h,6)) v = 0, {£*(v,h)) fc = 0. (7.3) 
H3 (7.3) cjie^yeT, hto ycjiOBHH 

(f(x,f)K = 0, (8.1) 

(f*(x,t)) fc = (8.2) 
HeoSxoflHMbi fljia cymecTBOBaHHH peineHHH CHCTeMbi ypaBHeHHii 

£ w (a>,v,h,0) = r, £ ft (v,h)=f\ C B (v,6)=f, (9.1) 

V x • u> = V x • h = (9.2) 

(c yneTOM (6)) 113 paccMaTpriBaeMoro Kjiacca. BcjieflCTBne (7.1) h (7.2) npocTpaHCT- 
BeHHbie cpe^HHe (u>)„ h (h)^ peineHHH CHCTeMbi 

£ w (w,v,h,0) = 0, £ ft (v,h)=0, £ 9 (v,^ = 0, (10.1) 

V x -u; = Vx-h = (10.2) 

H3 3TOrO KJiaCCa (pyHKUHH COXpaHHIOTCH BO BpeMeHH, nOSTOMy JIHHeHHaH yCTOHHHBOCTb 
HCXO^HOrO KOHBeKTHBHOrO COCTOHHHfl He aCHMnTOTHHeCKaH. By^eM CHHTaTb, 

hto BcaKoe penieHHe (10), (6) H3 yKa3aHHoro KJiacca cpyHKnnn c HyjieBbiM cpe^HHMH 
(i*}) v H SKcnoHeHHiiajibHO 3aTyxaeT bo BpeivieHH. 

5) JJ,Jin npoH3BOJibHbix rjioSajibHO orpaHHneHHbix BMecTe c npoH3BO^HbiMH raa^;- 
khx cojieHOHflajibHbix nojien f w (x, t), f h (x,t) h / e (x, t) c HyjieBbiMH cpe^HHMH (8) 
CHCTeMa (9), (6) HMeeT npn 3aflaHHbix HanajibHbix ycjiOBnax e^HHCTBeHHoe penieHHe 
w, v, h, 9 b yKa3aHHOM npocTpaHCTBe. 3to ycjiOBne rapaHTnpyeT, hto HMeiOT penieHHe 
t.h. BcnoivioraTejibHbie 3aflanH, ccpopMyjinpoBaHHbie HH>Ke. Oho BbinojiHeHO, Hanpniviep, 
^;jia npocTpaHCTBeHHO-nepHOflHHecKHx CTaunoHapHbix hjih nepnoflnnecKHx no Bpeivie- 
HH ycTOHHHBbix k KopoTKOMacniTaSHbiM (He 3aBHC5ini,HM ot MefljieHHbix nepeMeHHbix) 
B03Mym,eHHHM coctohhhh KOHBeKTHBHbix Mr,I[ CHCTeM oSmero nojio>KeHHfl (iviajioe 
B03MymeHHe nojieii F, J h S b CHCTeMax, r^e oho He BbinojraeHO, npnBO^HT jih6o k 
HeycTOHHHBOCTH, jih6o k ero BbinojiHeHnio). PenieHne (9), (6) MOJKeT 6biTb nocTpoeHO, 
kbr penieHHe napaSojinnecKoro ypaBHeHna (oflHaKO nocKOJibKy oSjiacTb, KOTopyio 
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3aHHMaeT oSteivi jkh^kocth, He KOMnaKTHa, He rapaHTnpoBaHO, hto oho 6yjj;eT rao- 
SajibHO orpaHHHeHO BMecTe c npoH3BOflHbiMn). Ero e^HHCTBeHHOCTb npn ^aHHbix 
HanajibHbix ycjiOBnax cjie^yeT H3 c^ejiaHHoro Bbinie npe,zrnojio>KeHHa o xapaKTepe 

JIHHeHHOH yCTOHHHBOCTH HCXOflHOrO KOHBeKTHBHOrO COCTOaHHa. 

Mm He cpHKcnpyeM KaKne-Jin6o KpaeBbie ycjiOBna fljia B03MymeHHoro cocToaHna 
hjih ycpeflHeHHoro B03Myni;eHHa, fljia KOToporo mm bmboahm 3aMKHyTbie ypaBHeHHa. 
BbiBefleHHbie ypaBHeHHa cpe^Hnx nojieii onncbiBaiOT cpH3nnecKH peajiH3yeMoe cocToa- 
Hne, ecjin hx penieHne rjioSajibHO orpaHnneHO no npocTpaHCTBy (npn stom oho npnivie- 
hhmo Ha Tex OTpe3Kax Me^jieHHoro BpeMeHH, Ha kotopmx oho ocTaeTca rjioSajiBHO 
orpaHHaeHHbiM) . TaKHM o6pa30M, e^HHCTBeHHoe KpaeBoe ycjiOBne coctoht b TpeSoBa- 
hhh rjioSajibHOH orpaHHneHHOCTH B03Myni;eHHa no npocTpaHCTBy b Ka>KflbiH MOMeHT 
BpeivieHH. B pacneTax ero ecTecTBeHHO 3aMeHHTb Ha Sojiee >KecTKoe ycjiOBne npocTpaH- 
CTBeHHOii nepHO^HHHOCTH hjih KBa3HnepnoflHHHOCTH ycpeflHeHHoro B03Myni;eHHa no 
Me^jieHHbiM nepeMeHHbiM. 

4. OopMajibHbie acHMnTOTHHecKne pa3jio>KeHHa. Cjie^ya CTaH^apTHbiM MeTO- 
flaM ocpe^HeHHa ypaBHeHnii b aacrabix npon3BO,zrHMx, bbo^hm SbiCTpbie npocTpaHCT- 
BeHHbie x h BpeMeHHyio t nepeMeHHbie h cooTBeTCTByioiinie Me^jieHHbie nepeMeHHbie 
X = e(xi,X2),T = e 2 t. HmeM penieHne 3aflann (5) b Bn^e cpopMajibHbix CTeneHHbix 
pa^OB 

oo 

w = 5> B (x,f,X,T)e B , (11.1) 

n=0 

oo 

v = 5> B (x,f,X,T)e B , (11.2) 

n=0 

oo 

h=]Th n (x,t,X,TK\ (11.3) 

n=0 

oo 

9 = J2U^t,X,T)e n (11.4) 

ra=0 

(cnHTaeM, hto b HanajibHbiH momcht BpeMeHH Bee njieHbi pa^OB (11) 3aflaHbi). PaccMaT- 
pnBaa ocpe^HeHHyio no Smctpmm nepeMeHHbiM n ocnnjiJinpyiOHryio nacra nojiyneHHoii 
nepapxnn ypaBHeHnii nocjie^OBaTejibHO npn Kaaiflon CTeneHn e n , mm BMBe^eM (kbk 
ycjiOBne pa3peninMOCTn ypaBHeHHH b Smctpmx nepeMeHHbix npn n = 2 h 3) 3aMKHyTbie 
HejiHHenHbie ypaBHeHHa b Me^jieHHbix nepeMeHHbix fljia ycpe^HeHHoro rjiaBHoro njieHa 
pa3Ji0JKeHna B03Myni;eHHa (ypaBHeHHa cpe^Hnx nojieii). 

npnpaBHaeM Hyjno KOSCpcpnirneHTM pa^OB no CTeneHaM e, nojiyaeHHbix noflCTaHOB- 
Koii pa^OB (11.2) n (11.3) b (1.3). Bbi^ejiaa cpe^Hioio n ocnnjiJinpyiOHryio nacTb 
nojiyneHHbix ypaBHeHHH, Haxo^HM 

V x • (y n ) h = V x • (K)h = 0, (12.1) 

V x • {v n } h + V x • {v n _i} h = 0, (12.2) 
V x • {h n } h + V x • {K-i}h = 0. (12.3) 



10 



OneBH^HO, 

V x • (e> n )v = 0, (12.4) 

h H3 ypaBHeHHa V ■ u) = 

Vx-{w n K + Vx-{w„-i} 9 = (12.5) 

npn Bcex n > 0. (B ^ncpcpepeHnHajibHbix onepaTopax c HH^eKcaMii xhX ^ncpcpepeH- 
nnpoBaHne npoH3BOflHTca no Sbictpmm h MeflJieHHbiM npocTpaHCTBeHHbiM nepeMeH- 
hmm, cooTBeTCTBeHHo; Bee HjieHbi pa3Jio>KeHHH c HH^eKCOM n < no onpe^ejieHnio 
paBHbi 0.) 

OneBHflHO, (uj n ) v , (v n )h n (h n )/j y^OBJieTBopaiOT KpaeBbiM ycjiOBHHM (2). B cnjiy 
(12.1) (v n )h Bbipa>KaeTca nepe3 cpyHKHHio TOKa ip n (Xi, X 2 , t, T): 

i \ ( dlp n dlp n \ 

{Wn)h -\~dx 2 'dx^)- 

IloflCTaBHB pa^bi (H.l) n (11.2) B (1.4), HaXO^HM 

V x x {v n } h = u> n - V x x v n _i. (13) 

3to paBeHCTBO - ypaBHeHne OTHOCHTejibHO {v n }h. PaccMOTpHM onepaTop poTop, 
^encTByiomnn H3 npocTpaHCTBa cojieHon^ajibHbix nojien, y^OBjieTBopaioiniix KpaeBbiM 
ycjiOBHaM (2.1), b npocTpaHCTBO cojieHOH^ajibHbix nojieii. ConpajKeHHbin k Heiviy 
onepaTop, TaKJKe poTop, onpeflejieH Ha npocTpaHCTBe cojieHOH^ajibHbix nojien, y^OB- 
jieTBopmoiinix KpaeBbiM ycjiOBHaM (2.1). 5I^po conpa>KeHHoro onepaTopa coctoht 
H3 nocToaHHbix BeKTopHbix nojien Bn^a (0, 0,C). JlerKO noKa3aTb no HHflyKnnn, 
ncnojib3y5i (12.5), hto npaBaa nacTb (13) cojieHon^ajibHa b SbiCTpbix nepeMeHHbix. 
CooTBeTCTBeHHo, (13) pa3peniHMO, tojibko ecjin 

(u; n ) 3 = (V x x (v n _i)) • e 3 (u n ) v = V x x (v n _i) h . (14) 

(Ilpn n = OTCio^a (oJq} v = 0.) B TepMHHax (pyHKHHH TOKa 3to ypaBHeHne HMeeT bh^ 
Ax^n-i = (oJ n ) 3 ; OTCiofla mojkho onpeflejinTb (v n -i)h, ncnojib3ya ycjiOBne rjioSajib- 
hoh orpaHnneHHOCTH ipn-i (flJia BbinojiHeHHa ycjiOBna (5.6) npn ycpeflHeHnn noTOKa 
no MeflJieHHbiM nepeMeHHbiM), ecjin cpe^Hee ot (cj n ) 3 no njiocKOCTn MeflJieHHbix 
nepeMeHHbix paBHO 0. 

PenieHne (12.2) h (13) c yneTOM (14) HiueM b BH^e 

{v n } h = A + V X B, 

r^e A - penieHne ypaBHeHHH IlyaccoHa 

A X A = -V x x ({w n } w - V x x {v n _i} h ), 



8A 1 



<9A 2 



x 3 =±L/2 ® X 3 



x 3 =±L/2 



= 0, A 3 = 0, 

x 3 =±L/2 
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a B - penieHne 3a^aHH HeniviaHa 

dB 



A X B = -V x • {v n -i}h - V x • A, 



dx* 



= 0. 

x 3 =±L/2 



rioflCTaBHB (11) b ypaBHeHna (5.1)-(5.3), npeo6pa3yeivi nx k BH^y paBeHCTB pa^OB 
no CTeneHaM e. IIpHpaBHHBaa KOScpcpnnneHTbi sthx pa^OB, nojiynaeivi peKyppeHTHyio 
cncTeiviy ypaBHeHHfi, KOTopyio nocjie^OBaTejibHO peniaeM coBMecrao c (12), (13), Bbi^e- 
jiaa cpeflHioio n ocnnjuinpyiomyio *iacTb Kaac^oro ypaBHeHna. 

5. YpaBHeHna nopa^xa e°. H3 rjiaBHbix njieHOB pa^OB (5.1)-(5.3) nojiynaeivi ypaBHeHna 

£ w (^ ,v ,ho^o) = (15.1) 

& C u {{u } v , {Mh, {h } h , e ) + V x x (((voK xO- (h )) h x (V x x H)) = 0; 

£ h (vo,ho) = ( 152) 

^ £ h ({v } h , {ho},) + (((h )), • V X )V - (((vo)), • V X )H = 0; 

£ e (voA) = (15.3) 

& £ e ({v K^o)-(((voK-v x )e = o. 

i v o}h h ((ho)), He 3aBHcaT ot SbiCTpbix nepeivieHHbix, a b onepaTopax £ flH(p(pepeHii;H- 
poBaHne npoBOflHTca tojibko no SbiCTpbiM nepeivieHHbiM, nosTOMy b cnjiy JiHHenHOCTH 
ypaBHeHna (15), (12) n (13) npn n = HMeiOT penieHna cjieflyioinen CTpyKTypbi: 

W„ = to + E (srK)) + S^fh*)) , (16.1) 

fc=l 

{vol, = £o + E (Sr K)) + S^fh*)) , (16.2) 
k=l 

{ho}, = to + E (Sf (vg) + Sf ((h fe ))) , (16.3) 
k=i 

Oo = e + E (^K)) + S h k ' e (h k ))) . (16.4) 
fc=i 

Ilpn n = (13) npnHHMaeT bha V x x Vo = o^o, OTKy^a onpe^ejiaiOTca nepe3 
H3 ypaBHeHHH 

V x xSr = Sr, V x xS^ = S^, (17.1) 

V x • = V x • Sj'" = 0. (17.2) 

<J>yHKnnn Sfc (x, t) y^OBjieTBopaiOT KpaeBbiM ycjiOBHaM BH^a (2) h (4), h aBjiaiOTca 
peineHnaMH ecnoMOsameAbnux 3adan nepeoso muna 
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f)0 

£-(sr,sr,sf,sr) = _ (m) 

V x • Sr = 0, (18.2) 

ITT 

^(Sr,Sf) = £-, (18.3) 

V x • Sf = 0, (18.4) 

C\Sr,Sf) = ^-; (18.5) 

£"(S^, Si v , S h k > h , S h /) = x H), (19.1) 

V x • Si u = 0, (19.2) 

C h (Si\8F) = -j£-, (19.3) 

V x • Si> h = 0, (19.4) 

C e (S h k ' v ,St' e ) = (19.5) 

coBMecTHO c (17). BeKTopHbie noTeHnnajibi (18.1) n (19.1) npe^CTaBjiaioT coSoii 
3aMKHyTbie ypaBHeHna fljia nana ckopocth noTOKa: 

<9V 



rv(&v,v qV,0 qV,p\ " ■ 



r"u(Qfh,v Qih,h nh,8 nh,p\ _ <Jn 

y^k i 3 t > D fc ^ D fc ' ~~dx k ~ ) 

v A e (Vx^k = 0. 

Ycpe^Haa BepTHKajibHbie KOMnoHeHTbi (18.1) n (19.1) no cjioio, nojiynaeivi 

OTKy^a ycjiOBna pa3peninMOCTH fljia ypaBHeHnn (17), (S k u ') v = 0, (cp. (14)) Bbinojrae- 
hm b jik)6oh MOMeHT BpeivieHH, ecjiH ohh BbinojiHeHbi npn t — 0. AHajiornnHO, coxpaHa- 
eTca bo BpeivieHH (S k h )h- B3sb flHBepreHnino ypaBHeHnii (18.1), (18.3), (19.1) h (19.3), 
HaxoflHM, hto cojieHonflajibHbi npn t > Tor^a n TOJibKO Tor^a, Kor^a ohh 
cojieHonflajibHbi npn t = 0. YcjiOBHa (18.2), (18.4), (19.2) n (19.4) Heo6xo,i],HMbi ^jia 
BbinojmeHHH (12.3) h (12.5) npn n — 0. TaKHM o6pa30M, HanajibHbie ycjiOBna ^jih 
3a^an (18) h (19) - rjioSajibHO orpaHnneHHbie BiviecTe c npon3BOflHbiMn rjia^KHe nana, 
y^OBJieTBopaion^He (18.2), (18.4), (19.2), (19.4), (S^ = n (S'f) h = 0. Tor^a (18) 
n (19) HMeiOT eflHHCTBeHHbie penieHna corjiacHO npe,onojio>KeHHio o pa3peninMOCTn 
3a^an (9) (ycjiOBne pa3peninMOCTn (8) ,a,Jia hhx BbinojraeHO b cnjiy rjioSajibHon orpaHH- 
neHHOCTH nojieii f2 n H n nx npoH3BO,OHbrx) . 

Ecjih ncxo^Hoe MFJX cocToaHne neHTpajibHO-CHMivieTpHHHO, to npocTpaHCTBa iieHT- 
pajibHO-CHMMeTpnnHbix n neHTpajibHO-aHTHCHMivieTpHHHbix coctohhhh HHBapnaHTHbi 
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fljia onepaTopa C = (£ w , £\ £ e ), nosTOMy S'£ w h S'jf HeHTpajibHO-CHMMeTpHHHbi, a 
ii S^ 1 n;eHTpajibHO-aHTiiCHMMeTpiiHHi>i (ecjiii HanajibHbie ycjiOBHH jjjih sthx nojieii 
oSjia^aiOT cooTBeTCTByiomiiMH CHMMeTpnaMn). Ecjih ncxo^Hoe Miyj cocToaHne chm- 

MeTpHHHO OTHOCHTejIBHO BepTHKajIBHOH OCH, TO TIIII CHMMeTpiIH COCTOaHHa TaKJKe 

MeHaeTca Ha npoTHBonojioJKHbin: S^, S^, S'^ 1 h S]f aHTHCHMMeTpnnHbi OTHOCiiTejiB- 
ho BepTiiKajibHoii ocii (ecjiii HanajibHbie ycjiOBHH aHTiiciiMMeTpiiHHbi) . Ecjih ncxoflHoe 

MTJ\ COCTOHHHe HMeeT CHMMeTpHK) OTHOCHTejIbHO HeHTpa HJIH BepTHKajIBHOH OCH, TO 

mm TpeSyeM, hto6m HanajibHbie ycjiOBHH jjjia hmojih yKa3aHHbie THnbi chmmctphh. 
£ (x, £, X, T) y^oBjieTBopaeT ypaBHeHnaM 

£"(CC£Uo) = = 0, C 9 (&$) = 0, (20.1) 

V x • % = V x • % = V x • $ = 0, (20.2) 

V x x C = C (20.3) 

= 0, (*8>* = 0. (20.4) 

KaK h b 3a^anax (18) h (19), cojieHOHjjajibHOCTb £ h BbinojmeHHe ycjiOBHH (20.4) 
^ocTaTOHHO TpeSoBaTb npn t — 0. HanajibHbie ycjiOBHH jjjih 3a/iaHH (20) BbiSnpaeivi 
H3 npejjCTaBjieHHH 

«o = + E (srK» + sj^«hS>) , (2i.i) 

fc=l 

ho = + E (Sf K fe » + S^«h fe )>) + ((ho)),, (21.2) 

k=l 

do = e + E (^K)) + S^«h fe ») (21.3) 
k=l 

(cp. (16)) npn t — 0. (YcpeflHeHHe ropH30HTajibHbix komhohcht (21.2) no SbiCTpbiM 
npocTpaHCTBeHHbiM nepeMeHHbiM jjaeT 

((ho)),|r=o = (ho)fe|t=o; 

bbihth 3to paBeHCTBO H3 (21.2), Haxo^HM HaHajiBHbie ycjiOBHa jjjih £q.) H3MeHeHHe 
HanajiBHbix ycjiOBHH jjjih b paccMaTpHBaeMOM Kjiacce HanajiBHbix ycjiOBHH KOMneH- 
cnpyeTca cooTBeTCTByiOHiHM H3MeHeHHeM HanajiBHbix ycjiOBHH jjjih £ , oijHaKO, KaK 
noKa3aHO hhjkc, 3Ta HeojjH03HaHHOCTb He bjihhct Ha bhjj; ypaBHeHHH jjjih cpe/jHHx 
nojien, nocKOJibKy £ h sth H3MeHeHHH Sjf SKcnoHeHHiiajibHO 3aTyxaiOT bo BpeMeHH 
(t.k. ohh aBjiaiOTca penieHHHMH 3a;jaHH (10) c HyjieBbiMH cpejjHHMn (£o)„ = 0, 
(€o)h = 0). Ecjih ncxojjHoe KOHBeKTHBHoe cocTOHHHe CTaniiOHapHO hjih nepno- 

flHiHO no SbiCTpoMy BpeMeHH, jjjih yjjpScTBa BbinncjieHna npocTpaHCTBeHHO-BpeMeH- 
Hbix cpeflHHx ecTecTBeHHO TpeSoBaTb, hto6m (pyHKHiin Smjih, cooTBeTCTBeHHO, 
CTai^noHapHbiMH hjih nepnojjiiHHbiMH no BpeivieHH penieHHHMH 3ajjan (18) n (19). 
CymecTBOBaHne CTaniiOHapHbix penieHnii npn pacciviaTpHBaeMbix ycjiOBHax mojkho 
;jpKa3aTb aHajiornnHO paSoTe [>KejinroBCKHn, 2003], nepHOJjnnecKnx no BpeMeHH - 
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[Zheligovsky h Podvigina, 2003]. Tor^a £ HivieeT CMbicji 3aTyxaioiii;Hx nepexo^Hbix 
npon;eccoB, npiiBOflamiix k ycTaHOBHBHieiviyca (b SbiCTpoM BpeMeHii) pe>KHMy. 

6. ypaBHeHna nopa^Ka e 1 . YpaBHeHna, nojiyneHHbie 113 hjichob pa^OB (5.1)-(5.3) 
nopaflKa e, nivieiOT bh^ 

£ w (wi, vi, hi, 0i) + 2z/(V x • V X )H}„ - V x x (H x (V x x h )) 

+V X x(Vxw + v x(l-Hx(V x xh )-h x (V x x H)) 

+V X x (v x u) - h x (V x x h )) + (3Vx6 x e 3 = 0; (22.1) 

£ ?i (v 1 ,h 1 )+2r ? (V x -Vx){ho}/ l 

+V X x (v x H + V x h ) + V x x (v x h ) = 0; (22.2) 

£ e ( Vl , 6 1 ) + 2«(V X • V x )#o - (V • V x )#o - (v • V x )# = 0. (22.3) 

B BHfly npe^CTaBJieHHH (16), cooTHOHieHiiii (12) h (14) npii n — 1 h jiimeHHOCTii (22), 
3th ypaBHeHna HMeiOT pemeHiia cjieflyiomeii CTpyKTypbi: 

d((H)) 



k=l \ m=l \ 



+ G 



dX m m,k dX m 



+ QZ^HHO) + Q;t<< v o>>«>) + Qt h 'k(K} «» J J , (23.1) 

{vi} h = + E fsr K» + s^«h*» + E (c^^i + c^^Mi 

fc=l \ m=l \ m m 

+ QZ; V M))(«)) + Q^KMhn + Q^(( h o))«»)) , (23.2) 

{M* = + E fsf fvf) + S^fhJ) + E f<*^ + G J&^r 



fe=l \ m=l 



+ QLt((v fc ))((v m )) + Q: h n £(v k ))(K)) + OS? (hSHWj J , (23.3) 

oi = il + E (V(K» + ^fhf> + E (g^^ 1 + G h m e k dH)) 



dX m m '* dX n 



+ QZ'MHO) + QSSMHK) + Ql h £(KKK)))) , (23.4) 

r^e (pyHKipiii G^ fc aBjiaiOTca peineHHmiH ecnoMoeameAtHUX 3adan emoposo muna: 
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dS v,0J <)V 

C u (G^ k , G v m v tk , G v mtk , G v mtk ) = ~2z/— e mA3 -g— - e m x (V x S v k ' w 

+ (Sr + e fc ) x n - H x (V x x Sf ) - Sf x (V x x H) + psfe,) 

-V x x (H x (e m x Sf )), (24.1) 

V x • = -(SD m , (24.2) 

V x x = - e m x Sr, (24.3) 

Vx • = -(SD m , (24.4) 

£\G V r&, O = -2rj^- - e m x (V x Sf + (S^ + e k ) x H ) , (24.5) 



Vx • G^* = -(Sr) m , (24.6) 

no 1 ': 6 ' 

^(G^, < fe ) = -2«^*- + V"^' 9 (24.7) 
(3flecb e m fc j - CTaHflapTHbiii efliiHHHHbiH aHTHCiiMMeTpiiHHbiH TeH3op); 

fw((-ih,w f~,h,v f~,h,h r h,6 \ _ n UC3 k / v 

^ lWi,fc> ^m,fc> Wi.fc) ^m.fcJ ~ ~ ZU ~xZ e m X ^ V X S fc 

xO-Hx(V x x S* lfc ) - (Sf + e k ) x (V x x H) + (3S h /e 3 ) 

-V x x (H x (e m x Sj' h )), (25.1) 

Vx-G^ = -(S^) m , (25.2) 

V x x G h m \ = G h m % - e m x 9i v , (25.3) 

V x -G^ = -(St'T, (25.4) 

r\Qlh,h 

£ h (G h m % G h m h k ) = -*l-frh - e m x (v x (S h k h + e fc ) + S h k > v x H ) , (25.5) 

ox m 

Vx • G h m h k = -(S h k h ) m , (25.6) 

^{G h m % G h m \) = -2*--*- + V m S h /; (25.7) 
(pyHKn,HH Q'£ k - peineHHaMH ecnoMOsameAbnux 3adau mpembeso muna: 

£ W (<C£, QZ;l QZ;t QZi) = p m ,,v x x ( - (sr + e k ) x sr 

+Sf x (V x x S£ fc ) - (Sr + e m ) x Sr + S^ fe x (Vx x Sf )) , (26.1) 

Vx x = CC* > ( 26 - 2 ) 
£ fc (<C*, QS) = -An,*V x x ((Sr + e fc ) x Sr + (Sr + e m ) x Sf ) , (26.3) 
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£%QZ;l QZi) = Pm, k (((Sr + e fc ) • V X )S^ + ((Sr + e m ) ■ V x )Sf) ; (26.4) 

fw(r\vh,w (-^vh,v f^vh,h ^vh,0\ _ yj v / {c'°> v i ~ \ v ah,uj i <£h,v v Q"> a ' 

-Sf x (V x x S^) - (Sfc* + e m ) x (V x x Sf )) , (27.1) 

V x x Q m ' fe = Q mj 'fc , (27.2) 

C h (QS$, <5f) = -Vx x ((Sr + e fe ) x (Sfc* + e m ) + S h m v x Sf ) , (27.3) 

£ 9 (Q£$, QtS) = ((Sr + e k ) ■ V x )S h J + (S^ • V x )Sf; (27 .4) 

pLO ( f-\hh,w r-^hh,v r-^hh,h y~,hh,9\ \7 s/ ( ch,v ch,ui 

*~ l^m.fe ' ^m.ifc ' ^m,it ' ^m.ifc 1 ~ Pm,fc V x X ^ — O fc X O m 

+(S£* + e k ) x (V x x S^) - S h m v x sj' w + (S h m h + e m ) x (V x x S*' fc )) , (28.1) 

Vx x QS$ = (28.2) 

C h (QS$, Oft?) = -Pm,*V x x (S^ x (S^ + e m ) + x (S h k ' h + e*)) , (28.3) 

Oft? ) = AW ((S^ • V x )5^ + (S£» • V X )S^) ; (28.4) 

Vx • Q„, fc = (29) 

(3a^aHH (26) h (28) onpe^ejieHbi fljia m < k; p m ^ = 1 npn m < k, h p mj fc = 1/2 npn 
m = k; npn m > k CHiiTaeM Q™' fc = = 0)j a (pyHKipm £i ~~ pemeHiiaMii 3a,n;aH 

£ w (tf, & tf, ) + 2^(V X • V X )C - Vx x (H x (V x x to)) 
+V X x (V x C + ^ x - H x (V x x to) ~ to x (V x x H)) 



+V X x (v x^ + Qx (wo - O " ho x (V x x 

x (V x x (h - to))) + /3V x £ e x e 3 = 0, (30.1) 

V x • + V x • to = 0, (30.2) 

V x xCI = C-VxxC (30.3) 

V x -^ + Vx-^ = 0, (30.4) 
C h (& ) + 2^(V X • V x )€f + V x x (^ x H + V x ^) 

+V X x (v x ^ + ^ x (h - £5)) = 0, (30.5) 

V x • ti + Vx • to = 0, (30.6) 



C e (ei, £) + 2^(V X • V x )$ " (V • V x )& - (v • V x )$ - (£o • V x ) (0„ - $ = 0. (30.7) 
YpaBHeHna (26.1), (27.1) h (28.1) SKBHBajieHTHbi ypaBHeHiiaM 
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+Sf x (V x x S^) - (Sr + e m ) x sr + x (V x x Sf )) , (26.1') 

fv(r\vh,v f^vh,h n vh,6 s^vh,p\ _ (qv,v , \ Qh,w cM v 0»," 

+Sf x (V x x S h m h ) + (S h m h + em) x (V x x Sf ), (27.1') 

pv(r\hh,v s->.hh,h ^.hh,9 ^.hh,p\ / 

^ lWm,t > ^m,fc 5 Vm,fc 5 Vm,fc J _ Pm,k { &k X °m 

+(S*' h + e fc ) x (V x x S^) - x + (S£ h + e m ) x (V x x S*' fc )) , (28.1') 

r fl e (V*Q2 P k)h = 0. Ycjiobhh (24.3), (25.3), (26.2), (27.2), (28.2) n (30.3) nojiynaiOTca 
npn no^CTaHOBKe (23.1) h (23.2) b (13) c yneTOM (14). AHajiornnHO, (24.2), (25.2), 
V x - Qml = Oh (30.2) - cjie^CTBHe (12.5) npn n — 1 (a TaKJKe MoryT 6bitb nojiyneHbi 
BaaTHeM ^HBepreH^H ypaBHeHHii (24.3), (25.3), (26.2), (27.2), (28.2) h (30.3)); (24.4), 

(25.4) , V x • Q^fc = h (30.4) - cjie^CTBne (12.2), a (24.6), (25.6), V x • = h 
(30.6) - cjie^CTBne (12.3). 

H3 JTHBepreHnnn ypaBHeHHii (26.3), (27.3) h (28.3) HaxojjnM, nTO nana Q'^k 
cojieHOHflajibHbi npn t > 0, ecjin h tojibko ecjin ohh cojieHOH^ajibHbi npn t — 0. B351B 
^HBepreHii;Hio ypaBHeHHH (24.1) h (25.1) h Hcnojib3ya (18.1) h (19.1), cooTBeTCTBeHHO, 
nojiynaeM 

(-^+^) (Vx • c^ fc + (srr) = 0, 

OTKy^a (24.2) h (25.2) BbinojiHeHbi npn t > Tor^a h TOJibKO Tor^a, Kor^a ohh 
BbinojiHeHbi npn £ = 0. AHajiornnHbiM o6pa30M, H3 flHBepreHHHii ypaBHeHHii (24.5), 

(25.5) , (30.1) h (30.5) coBMecTHO c ypaBHemiaMH (18.3), (19.3) h (20.1), cooTBeTCTBeH- 
ho, HaxoflHM, hto (24.6), (25.6), (30.2) h (30.6) BbinojiHeHbi npn t > 0, ecjin h tojibko 
ecjin ohh BbinojmeHbi npn t = 0. YcjiOBna (24.2), (25.2), (30.2) h (29) coBMecrao 
rapaHrapyiOT BbinojiHeHne (12.5) npn n — 1, a (24.6), (25.6), (30.6) h (29) - (12.3) 
npn n — 1. IlosTOMy b KanecTBe HanajibHbix ycjiOBHii fljia 3aflan (24)- (30) BbiSnpaeivi 
rjioSajibHO orpaHHneHHbie BMecTe c npoH3BO^HbiMH rjia^Kne nojia, yflOBJieTBopaiomHe 
(24.2), (24.6), (25.2), (25.6), (29), (30.2) h (30.6), a TaioKe nepenncjieHHbiM HH>Ke 
ycjiOBHaM. 

Mm nojiaraeM, hto Ka>K)j,oe cjiaraeMoe b cyMMax no k h m b (23) HMeeT HyjieBoe 
cpe^Hee cooTBeTCTByronnix KOMnoHeHT: 

{G'£k)v = (QZh = o, (G- m h k )) h = (Q' m h k))h = o. 

HHTerpnpya (24.5) h (25.5) no SbiCTpoMy BpeMeHH ot jj,o t n ycpejjHaa pe3yjiBTaT 
no SbiCTpbiM nepeMeHHbiM c yneTOM paBeHCTB (7.2) n ((G^ fe ))„ = 0, HaxoflHM 

( e m x (V x Sf + (Sr + e fc ) x h) dt ) h , (31.1) 
( e m x (V x (Sf + e fc ) + S h k ' v x h) dt ) h . (31.2) 



if^h,h \ I 
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MarHHTHbifi a— scpcpeKT HecymecTBeHeH, earn cymecTByiOT cpe^Hiie b npaBbix aacTax 
(31). OneBHflHO, npocTpaHCTBeHHbie cpe^Hne BepTHKajibHbix KOMnoHeHT no^biHTer- 
pajiBHbix Bbipa>KeHHH b (31) paBHbi 0, h 3to ycjiOBHe BbinojiHeHO, ecjiH Hcxo^Hoe 

KOHBeKTHBHOe Mr,I[ COCTOHHHe HeHTpajIBHO-CHMMeTpHHHO HJIH CHMMeTpHHHO OTHOCH- 

TejiBHO BepTHKajiBHoii och, t.k. Tor^a HCxoflHbie nojia V h H, h nojia HMeiOT 
npoTHBonojio>KHbie tiiiim CHMMeTpnii. 3to Sojiee cnjibHoe ycjiOBiie, neivi ycjiOBna 
(8.2), HeoSxoflHMbie ^Jia cymecTBOBaHna penieHHH cncTeMbi ypaBHeHHH (9), KOTopbie 
b npnjiojKeHHH k CHCTeiviaM (24) h (25) b ciuiy paBeHCTB ((V))/, = ((H)) ^ = HMeiOT 

((V x Sf + Sr x H)„ = 0; ((V x + s£" x H)„ = 0, (32) 

cooTBeTCTBeHHO. Otmcthm, hto mm He TpeSyeM paBeHCTBa Hyjiio ropH30HTajiBHbix 
KOMnoHeHT a— TeH3opoB b ypaBHeHUH MarHHTHoro nojia. 

Ycpe^Haa (24.1), (25.1), (26.1), (26.3), (27.1), (27.3), (28.1) h (28.3) no SbierpbiM 
npocTpaHCTBeHHbiM nepeivieHHbiM c yaeTOM (7.1) h (7.2), a TaKJKe paBeHCTB 
fi = V x xV, = V x xS^ h V x -V = V x -S^ = npn ycpe flH eHHH (24.1) h (25.1), 

HaXOflHM, HTO (G'£ k ) v , (Q^)„ H (Q^k) h He 3aBHCHT OT BpeMeHH, yCJIOBHfl (8.1), 

HeoSxoflHMbie ,o,jih cymecTBOBaHna penieHHH CHCTeMbi ypaBHeHHii (9), fljia CHCTeM 
(24) h (25) BbinojiHeHbi, h aoidkhbi hmstb MecTO paBeHCTBa 

( G m,k)v \t=0 = (Qm°?k)v\t=0 = 0, {Qm,k)h\t=0 = 0. (33) 

HHTerpnpya (30.1) no SbiCTpoMy BpeMeHH h ycpe^Haa pe3yjiBTaT no 6biCTpbiM 
npocTpaHCTBeHHbiM nepeivieHHbiM c yneTOM (7.1), a TaK>Ke paBeHCTB £1 = V x x V, 
£q = V x x £q h V x ■ V = V x -^o = 0, Haxo^HM, hto He 3aBHCHT ot SbiCTporo 

BpeMeHH. rio3TOMy H3 ((^i))^ = (cm. (23.1)) cjie^yeT (£i) v \t=o = 0, h nocKOJibKy 
npocTpaHCTBeHHoe cpe^Hee KajK^ofi cyMMbi no k b (23.1) paBHO 0, 



AHajiornHHO, H3 (23.3) 



{wi))„|t=o — \Ul)v\t=0- 



\hi))ft|T=o — (hi)ft|t=o — (£i)h\t=o 




\^Tn,k)h\t=0-^T r \^* m ,k)h\t=0 



dX m " m >«"^ dX rn 



a H3 (30.5) 



(tf > fc |t=o = ( Jl V x x (V x + ^ x H 



dt 



OTCiofla, 3Haa u?i| t=0 h hi| t=0 , Haxo^HM ((wi))|r=o H ((hi))|r=o, a 3aTeM H3 (23.1) 
h (23.3), no^CTaBHB Ty^a {coi} v = u> 1 - fwi} ( h {hi} ft = h x - ((hi)) fe , Haxo^HM 
HanajibHbie ycjiOBHH ,a,jia 3aflann (30). H3MeHeHne HanajibHbix ycjiOBHH ,o,jih G^ fc n 
Qm fc B paccMaTpnBaeMOM Kjiacce HanajiBHbix ycjiOBHH KOMneHCHpyiOTca cooTBeTCTBy- 
ioihhm H3MeHeHneM HanajiBHbix ycjiOBHH ,o,jih £j. Bbi3BaHHbie sthm H3MeHeHHH nojien 
fc h Qm fc 3KcnoHeHn;HajibHO 3aTyxaiOT bo BpeMeHH (t.k. ohh aBJiaiOTca penieHnaMH 

3a^aHH (10) C HyjieBblMH npOCTpaHCTBeHHblMH Cpe^HHMH). 
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IlocKOJibKy cpyHKHiin £ ii hx npoH3BOflHbie SKcnoHeHHiiajibHO ySbraaiOT bo Bpeivie- 
hh (cm. nacTb 5), to 5Ke BepHO jjjih npaBbix nacTeii (30). KaK noKa3aji, Hcnojib3ya 
npHHinin ^roaMejia, >KejinroBCKHH [2006], Tor^a 113 npe,a,nojio>KeHiia o jihhghhoh 

yCTOHHHBOCTH HCXOflHOrO KOHBeKTHBHOrO COCTOHHH5I no OTHOIIIGHIIIO K KOpOTKO- 

MacniTaSHbiM B03MyineHHHM cjie^yeT, hto cbyHKniin £ 1 n hx npoii3BOflHbie TaKJKe 
SKcnoHeHHiiajibHO ySbraaiOT bo BpeMeHH. TaKiiM o6pa30M, £ x invieiOT cmmcji 3aTyxaio- 
ihhx nepexo^Hbix nponeccoB. AHajioriiHHO flOKa3biBaeTca, hto SKcnoHeHHiiajibHO y6bi- 

BaiOT BO BpeMeHH H3MeHeHIia G^ k II Q^' fc , BbI3BaHHbie B03MO}KHOH HeOflH03HaHHOCTbK) 

S ' k . KaK cjiejjyeT 113 BbiBe^eHHbix Hii>Ke Bbipa>KeHHH fljia KosdpcbHniieHTOB b hobmx 
njieHax, noflBjiinomnxcfl b ycpeflHeHHbix ypaBHeHiiax, SKcnoHeHniiajibHO 3aTyxaiomiie 

II3MeHeHIia 3THX nOJiefl He H3MeHHK)T BejIHHHHbl K03(p(pHHIieHTOB. TaKHM o6pa30M, 

BbiSop HanajibHbix ycjiOBHii He BJinaeT Ha bh/j; ypaBHeHHii jijih cpe/iHHX nojieii. 

Ecjih HCxo^Hoe MTJ\ cocToaHne HMeeT CHMMeTpnio OTHOCHTejibHO neHTpa hjih 
BepTHKajiBHOH och, to nojia Sjl HMeiOT npoTHBonojioJKHbiii ran CHMMeTpnn, a Tor^a 
npaBbie nacra ypaBHeHHii (24)- (28) HMeiOT tot me ran CHMMeTpHH, hto h ncxoflHoe 

KOHBeKTHBHOe MTJI COCTOHHHe. YfloSHO n0Tpe60BaTb, HT06bI npH HajIHHHH y HCXOJJHO- 
TO COCTOHHHH CHMMeTpHH OflHOTO H3 yKa3aHHbIX THnOB G^ fc |f=o H Q^' fc |t=o TaKJKe 
06jiaflajIH eiO. IIoCKOJIbKy npOCTpaHCTBa CHMMeTpHHHblX H aHTHCHMMeTpHHHblX COCTO- 

hhhh Torjja HHBapnaHTHbi jijih onepaTopa C = (£ w , C h , C d ), to nojia G'^ k h Q„ fc 
HMeiOT Torjja tot >Ke Tnn CHMMeTpHH, hto h y ncxojjHoro coctohhhh. B stom cjiynae b 
CHjiy aHTHCHMMeTpHn BepTHKajiBHbie KOMnoHeHTbi no^biHTerpajiBHbix Bbipa>KfiHHH 
b (31) paBHbi 0, h (31)-(33) aBTOMaranecKH BbinojiHeHbi. 

B cjiynae, ecjin ncxojjHoe MTJI cocTOHHne CTaniiOHapHO hjih nepno/iiiHHO no (6mct- 
poMy) BpeMeHH, jjjih yfloScraa BbiHHCJieHHH npocTpaHCTBeHHO-BpeMeHHbix cpejiHHx 
ecTecraeHHO noTpeSoBaTb, hto6m (pyHKinin G^ k h ' k Smjih, cooTBeTcraeHHO, 
CTan,HOHapHbiMH hjih nepHOflHHHbiMH no BpeMeHH penieHHHMH 3ajjan (19)-(24). Cy- 
mecTBOBaHHe TaKHx CTaniiOHapHbix penieHHH paccMOTpeHO >KejiHroBCKHM [2003]; 
nepHOijiiHecKHH no BpeMeHH cjiynaii paccMaTpHBaeTca aHajiornnHO (cm. Zheligovsky 
h Podvigina [2003]). 

7. ypaBHeHna nopa^Ka e 2 . ypaBHemia, nojiyneHHbie H3 HJieHOB ph/iob (5.1)-(5.3) 
nopaflKa e 2 , HMeiOT bhjj, 

C"(u> 2 , v 2 , h 2 , 9 2 ) - — ? + z/(2(V x • V x ) + A x ^o) 

01 

+V X x(Vxw! + vixfl-Hx (V x x h + V x x hi) 
-hi x (V x x H) + v x lj - h x (V x x h )) 
+V X x (-H x (V x x hi) + Vi x w + v x - hi x (V x x h ) 

-h x (V x x hi + V x x h )) + /3V x 0i x e 3 = 0; (34.1) 

C h (v 2 , h 2 )--^ + ^(2(V X • Vx){hi}, + A x h ) 
01 

+V X x (vi x H + V x hi + v x h ) + V x x ( Vi x h + v x hi) = 0; (34.2) 
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£%v 2 , 92)-^ + k(2(V x • V x )^i + A x ^o) 

_( V • V x )#i - (V! • V x )fl - (v • V x )0i - (v • V x )#o = 0. (34.3) 

YcpeflHeHHe BepTHKajibHoii KOMnoHeHTbi (34.1) no SbiCTpbiM npocTpaHCTBeHHbiM 
nepeMeHHbiM c yneTOM (7.1), (12.1)-(12.3), (13) npn n = 0,1, (14) npn n — 0, 
KpaeBbix ycjiOBHH pjisi V, H, Vj h hj n cojieHOH^ajibHOCTH Vo h ho flaeT 

(){0J ' 2)v + V x x (V x (V x x v ) - VV X ■ {v }fc 



dt 

-H x (V x x h ) + HV X • {h },), = 0. 

riponHTerpupoBaB sto ypaBHeHne no SbiCTpoiviy BpeivieHH ot ^o t, noflCTaBHB npefl- 
CTaBJieHna (16.2) n (16.3) n ycpe^HHB pe3yjibTaT no SbiCTpoiviy BpeivieHH, c yneTOM 
3KcnoHeHH,HajiBHoro ySbiBaHna £q h £q bo BpeivieHH, nojiynHM, hto (oj2}v\t=o KOHenHO, 
ecjiH cymecTByiOT cpe^Hne ((/ ct m ^ k dt}h flJia k, m — 1, 2, k ^ m, ((^(cty-Q^) dt}h 
h ((/o( a i,i — a 2,2) dt}h- 3^,ecb o6o3HaneHO 

<* = V x (e m x (Sr + e fc )) - H x (e m x Sf ) - V(SD m + H(Sf )™ , (35.1) 

<* = V x (e m x s£") — H x (e m x (Sf + e fc )) - V(Sj»T + H(S^)"\ (35.2) 

KHHeiviaTHHecKHH a— scpcpeKT HecymecTBeHeH, ecjin sth cpe^Hne cymecTByiOT. One- 
BHflHO, npocTpaHCTBeHHbie cpe^HHe ropH30HTajiBHbix KOMnoHeHT (35) paBHbi 0, h 
TeM caivibiM 3to ycjiOBne BbinojmeHO, ecjin ncxoflHoe KOHBeKTHBHoe cocTOjmne 
i^eHTpajibHO-CHMMeTpnnHO hjih cnMMeTpnnHO OTHOCHTejibHO BepTHKajibHoii ocn, t.k. 
Tor^a ncxo^Hbie nana V n H nivieiOT Tnn CHMMeTpnn, npoTHBonojiojKHbin Tnny 
CHMMeTpnn S^' h n S^ ,v . 3to Sojiee cnjibHoe ycjiOBne, neivi ycjiOBna (8.1), HeoSxoflHMbie 
fljifl cymecTBOBaHHH peineHnn cncTeivibi ypaBHeHHii (9), KOTopbie b npnjiojKeHHH k 

(34) HMeiOT BHfl 

i<x m ,kh — flJifl k,m = 1,2, k ± m n ((a^ - a\ 2 } h = ((a^ - a^K = °- 

OTMeTHM, HTO Mbl He Tpe6yeM paBeHCTBa HyjIIO BepTHKajIbHblX KOMnOHeHT KHHeMaTH- 

necKoro a— TeH3opa b ypaBHeHHH fljia 3aBHxpeHHOCTH. 

Ycpe^HeHne ropH30HTajibHbix KOMnoHeHT (34.2) no SbiCTpbiM npocTpaHCTBeHHbiM 
nepeivieHHbiM c yneTOM (7.2), (16.2), (16.3), (32) h KpaeBbix ycjiOBnii ^jih V, H, Vj n 
hj flaeT 



dX m 



4(«, + ^Ax((hoK + V x x fEEfD^^ + D^'' h 

01 \m=l k=l \ 

+ ((voK x ((h )) ft + £ £ (A^((v fc ))((v m )) 



m=l fe=l 



+Ai /l ((vo fe ))((ho")) + A^((h fc ))((h-))) = 0. (36) 
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3^ecb D o6o3HaHaiOT KOScpcpHinieHTbi HJieHOB ypaBHeHna cpe^Hero MarHHTHoro nojia, 

OTBe^aiOmHe T.H. BHXpeBOH KOppeKHHH MarHHTHOH ,TH(pcby3HH, A - KBaflpaTHHHBIX 

HjieHOB t.h. BHxpeBoii KoppeKn,HH a^BeKn,HH MarHHTHoro nojia: 

D^fVxGj-HxG^, (37.1) 
= ((V x G h m h k - H x G h m v , k h, (37.2) 

k£ = «v x Qzt - h x az: v k + sr x s^»„, ( 38 .i) 

A mj fc = ((V x Q m ' k — H x Q m ' k + S k ' x + S^f x S fc ' ))„, (38.2) 

<jf = ((V x Q^f - H x QSy + S*'" x S^))„. (38.3) 

IlpH BbinojiHeHHH yKa3aHHbix ycjiOBHii pa3peniHMOCTH ypaBHeHHH (34) hx penieHHa 
mojkho npe^CTaBHTb KaK cyMMy SKcnoHeHirnajibHO 3aTyxaiomero bo Bp6M6HH cjiaraeMO- 
ro, onpe^ejiaeivioro HanajibHbiMH ycjiOBHaMH, h HJieHOB, nponopHHOHajibHbix 

d(K)) gKj ^ 2 ((v fc )) d 2 ((hg)) 

ar ' dr ' dx m dx n ' dx m dx n ' 

7^-(((v fe ))K))), ^(((v fc ))(W)), ^|-(((ho fe )> «», 

(( v fc )) (( v m )) R» , «h*» « v m » K» , «h fc » «h-» K» , (h*) «h™» »> • 

KoscpcpHinieHTbi nepefl sthmh HJieHaMH aBJiaiOTca pemeHHaMH cooTBeTCTByiOHrHX 
BcnoivioraTejibHbix 3a,naH. IIocKOJibKy ohh He ^aiOT BRjia^a b ypaBHeHna fljia cpe^HHx 
nojieii, sth BcnoMoraTejibHbie 3a^aHH 3,a,ecb He paccMaTpHBaiOTca. 

8. ypaBHeHna nopa^Ka e 3 . YpaBHeHna, nojiyaeHHbie H3 ajieHOB pa^OB (5.1)-(5.3) 
nopa^Ka e 3 , HMeiOT bh,h, 

C u (u> 3 , v 3 , hg, 6 3 )--^ + z/(2(V x • V x ) + A x wi) 

+V X x (V x uj 2 + v 2 x Q - H x (V x x h : + V x x h 2 ) 
-h 2 x (V x xH) + viX(j + v xwi 
-hi x (V x x h ) - h x (V x x h x + V x x h )) 
+V X x (-H x (V x x h 2 ) + v 2 xw + v 1 xwi + voXw 2 
-h 2 x (V x x h ) - hi x (V x x hi + V x x h ) 
-h x (V x x h 2 + V x x hi)) + (3V^9 2 x e 3 = 0; (39.1) 
<9h 

C h {v 3 , hg) - 0± + 7?(2(V X ' Vx){h 2 }, + A x h x ) 
+V X x (v 2 x H + V x h 2 + vi x h + v x hi) 

+V X x (v 2 x h + vi x hi + v x h 2 ) = 0; (39.2) 
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d6 

C e (v 3 , 0a) - — ^ + «(2(V X • Vx)^2 + A x 0i) - (vi • V x )^o - (v • Vx)0i 

_( V • V x )^2 - (v 2 • V x )# - (vi • V x )0i - (v • V x )# 2 = 0. (39.3) 

YcpeflHeHne BepTHKajibHon KOMnoHeHTbi (39.1) no Sbictpbim npocTpaHCTBeHHbiM nepe- 
MeHHbiM c yneTOM (7.1), (12.1)-(12.3), (13) npn n = 0,1, 2, KpaeBbix ycjiOBnn V, 
H, Vj n hj n cojieHOHflajibHOCTH v n h flaeT 

d(u 3 ) v d(uj l ) v 

+ i/Ax(wi)„ 



at #r 

+V X x (V x (V x x vi) - VV X • Mh - H x (V x x h ± ) + HV X ■ {M h 
+v x (V x x v ) - v V x • {vo}ft - h x (V x x h ) + h V x • {h }h)h = 0. 

YcpeflHaa sto ypaBHeHne no SbiCTpoMy BpeMeHH c yneTOM SKcnoHemxnajibHoro y6bi- 
BaHHa £ n £ 1; no^CTaBJiaa npe^CTaBJieHna (16.2), (16.3), (23.2) n (23.3) n ncnojib3ya 
(14) npn n — 1 n paBeHCTBO Hyjno npocTpaHCTBeHHbix cpe^Hnx ropn30HTajibHbix 
KOMnoHeHT no^biHTerpajibHbix BbipajKeHnn b (35), nojiynnM 



V x x 



d tv \ +vA tv\ + f f f M + D^« g!iMl 

-Tyj;{Vo))h + ^x|V )a + U m,k,j f) Y f)Y + ^ru^j ptY fly 

L'-l j=lm=lk=l \ Uu\jUuX m u^.jUv\r, 



+(«Vok • Vx)((v K - (((h )), • Vx)((h )), 

0. 



+ E E E ^ (<^-fv5> w> + A^.((v fc ))((h™)) +a^- ««>>)" 

j=l m=l fc=l ayi "i 

(40) 

3^,ecb D o6o3HanaiOT KOSCpcpnnneHTbi njieHOB ypaBHeHna fljia cpe^Hero noTOKa, OTBe- 
Haioinrie t.h. BnxpeBon KoppeKnnn KHHeMaTnnecKon b5I3kocth, A - KBa^paTHnHbix 
HJieHOB, OTBenaiomne t.h. BnxpeBoii KoppeKnnn KHHeMaTnnecKon a/xBeRnnn: 

D^, = {-V'G^ - V(G^y + H j G v m h k + H(Gl h k )%, (41.1) 

Diw = ((-v j g^ - v(g^' + ffcj* + n(G h m h k y} h , (41.2) 

A^ = ((-V^Q^ - V(Q££)' + Hj Qm,'it + H (Qm,fe) j 

+(SD J 'Sr - (Sf ) J S^K, (42.1) 
= (-VQ2£ - V(Q2yy + WCC{ + H (QS) J 

+(sr W + (s h m ysr - (sf ys^ - (s^ysf > fc , (42.2) 

= «-V^ - V(Q^) J + H'Q£j? + H(Q$y 

+(Sj' W - (S*' fc ys^) fc . (42.3) 

(36) n (40) npe^CTaBjiaiOT H3 ce6a 3aMKHyTyio cncTeiviy ypaBHeHnn fljia cpe^Hnx 
nojien (TonHee, rjiaBHbix njieHOB pa3JiO)KeHHH cpe^Hnx nojien b pa,a, no OTHonieHnio 
npocTpaHCTBeHHbix MacniTaSoB). B (36) tojibko ropn30HTajibHbie KOMnoHeHTbi He 
paBHbi TOJKflecTBeHHO Hyjno, a b (40) - tojibko BepTHKajibHaa KOMnoHeHTa. Ot (40) 
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mojkho nepeiiTH k ypaBHeHHio 6e3 BHenmero poTopa, ecjin bbccth ^jiHHHOMacniTaSHoe 
^aBJieHne; no (popivie oho He OTJinnaeTca ot ypaBHeHHH, BbiBefleHHoro >KejinroBCKHM 
[2006]. 0,a,HaKO, nocKOJibKy {vo}h H {ho}h cojieHon,zrajibHbi OTHOCHTejibHO MefljieHHbix 
nepeMeHHbix, ecTecTBeHHee peniaTb cncTeMy ypaBHeHnii b TepMHHax (pyHKnnn TOKa 
fljia noTOKa ((vo))h h aHajiornnHoro BeKTopHoro noTeHniiajia ^Jia ((ho))^, paccMaTpnBaa 
BepTHKajibHyio KOMnoHeHTy (40) 6e3 H3MeHeHHH, h b3hb poTop (36) h pacciviaTpHBaa 
BepTHKajibHyio - e^HHCTBeHHyio HeHyjieByio - KOMnoHeHTy nojiyneHHoro ypaBHeHHH. 

Otmcthm, hto CHJia Kopnojinca bxoaht tojibko b (popMyjinpoBKy BcnoMoraTejib- 
hmx 3a,o,aH h OTcyTCTByeT b ypaBHeHHax ^jia cpejjHHx nojien. OflHaKO, BbiBOfl sthx 
ypaBHeHHH He H3MeHaeTca, ecjin ^onojiHHTejibHO HMeeT MecTO BpameHne jkhjjkocth 
b MefljieHHOM BpeivieHH, h (nojiHbin) BeKTop yrjiOBoft ckopocth HMeeT bh^ Te% + e 2 t. 
Tor^a b ycpe^HeHHOM ypaBHeHHH (40) noaBJiaeTca cjiaraeMoe, cooTBeTCTByionjee cnjie 
Kopnojinca npn BpanjeHHn cjioh jkh^kocth c yrjiOBoft CKopocTbio r. 

8. BblHHCJieHHe KOSCpCpHITIieHTOB BHXpeBBIX HJieHOB. ^JIH BblHHCJieHHH K03(p- 

(pnHneHTOB A h D b ypaBHeHnax (36) h (40) flocTaTOHHO peniHTb 22 BcnoMoraTejibHbie 
3a^aHH (4 nepBoro, 8 BToporo h 10 TpeTbero rana). OflHaKO moxho BOcnojib30BaTbCH 
TeM oScTOHTejibCTBOM, hto pemeHHH BcnoMoraTejibHbix 3a^,an BToporo (G'^ k , G'£ h ) 

h TpeTbero (Q^., Q™^) ™ n OB bxojjht b cpe^HHe (37) h (38) tojibko b KanecTBe 
coMHOJKHTejieH CKajiapHoro npoH3Be;j,eHHfl c BeKTopoM (H x e,3, —V x e3, 0), a b (41) 
h (42) - c BeKTopaMH W nj - = (— V J e„ — V n ej,We n + EPe^O) (4 BeKTopa c 
n,j = 1,2). (3^ecb ncnojib3yeTCH CKajiapHoe npoH3Be^eHHe ((7-W)), r^e 7 h W 
- 7-MepHbie BeKTopHbie nojia, 3a^aHHbie b cjioe.) Bojiee Toro, nocKOJibKy b (40) 
rpa^neHTbi nofl 3HaKOM poTopa HecymecTBeHHbi, b (41) h (42) ^ocTaTOHHO BbinncjiHTb 
CKajiapHbie npoH3Be^eHHH c W12, W^i h W^i- W2,2- IIosTOMy hhcjio BcnoMoraTejib- 
hmx 3a^,an, KOTopbie HeoSxojjHMO peniHTb, mojkho yMeHbiHHTb ^o 8, ecjin BBecTH b 
paccMOTpeHHe (KaK b paSoTax [Zheligovsky, 2005], [>KejiHroBCKHH, 2006]) ecnojuosa- 
me/ibHue 3adauu 3ah conpnwceHHOzo onepamopa (TaKoii nee BbiHHCJiHTejibHon cjiojk- 
hocth, KaK h paccMOTpeHHbie Bbinie BcnoMoraTejibHbie 3a,iraHH). 
HivieHHO, nycTb 

w v = w v + vr, w h = w h + vw h , y = y + v 7 ^, j h = i h + v-/ h 

(Bee ^H(p(pepeHD;HajibHbie onepaTopbi - b SbiCTpbix nepeMeHHbix) - pa3Jio>KeHHa 3- 
MepHbix BeKTopHbix KOMnoHeHT W h 7 na cojieHOH^ajibHyio h noTeHnnajibHyio cocTaB- 
jiflioinHe, 7 n Z y^oBJieTBopaiOT cncTeMaM ypaBHeHHH 

C\r,l\l\l p ) = ^\ C h (Y,l h )=F h , C\r,i e )=F e , (43.1) 

V • 7" = V • 7 fe = 0; (43.2) 
(C*) V (Z V , Z h , Z e ) = W v , (£*) h (Z v ,Z h ) =W h , (C*)\Z v ,Z e ) = 0, (44.1) 

V • Z v = V • Z h = (44.2) 
h cooTBeTCTByionrHM KpaeBbiM ycjiOBHHM. Tor;j,a 
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(j v -W v + j h - W h )) = (VW V ■ V-f v + VW h ■ V-f h + w v ■ y + W h ■ j h )) 

= (VW V ■ vy + vw h ■ vY 

+(Y , l\ I e ) ■ ((CT(Z V , Z\ Z 9 ), {C) h {Z\ Z h ), {C) e {Z\ Z e )) » 

= (VW V ■ + VW h ■ V~i h + F v • Z v + F h ■ Z h + F e Z e )). (45) 

TeM caivibiM, peineHne BcnoMoraTejibHbix 3aflaH BToporo h TpeTbero THnoB OKa3bi- 
BaeTca bosmojkhbim H36e>KaTb - flocTaTOHHO 3HaTb cooTBeTCTByionrHe npaBbie ^acra b 
onpe,n;ejiHioiniix hx cncTeMax ypaBHeHHii. J\jisi SToro npn BbiHiicjieHnn KOScpcpnniieHTOB 
(37) h (41) HeoSxo^HMO BOcnojib30BaTbca ycjiOBHHMH (24.4), (24.6), (25.4), (25.6) ,a,jia 
Bbi^HCJieHHa noTeHipiajibHbix cocTaBjiaioinirx nojieii G'^ k h G'^ k n ^jia nepexo^a k 
hx cojieHOH^ajiBHbiM cocTaBjiaioiu,HM b (24.5), (25.5), (24.7) h (25.7), n b flonojraeHne 
Hcnojib30BaTb (24.2) h (25.2) fljia nepexo^a k cojieHOHflajibHbiM cocTaBJiaiomiiM G^ fe 
b (24.1) ii (25.1). AHajiorii (24.1) ii (25.1) fljia cojieHOii^ajibHbix Heii3BecTHbix mojkho 
npHBec™ k Biifly (43.1), paccMaTpiiBaa hx BeKTopHbin noTeHnnaji. YpaBHeHHii (26.1), 
(27.1) h (28.1) Hcnojib3yiOTCfl b cpopMe (26.1'), (27.1') h (28.1'), cooTBeTCTBeHHO. 

B (44) C* = ((£*) v , (£*)\ (£*) ) - onepaTop, (popMajibHO conpiOKemibiH k 
C = (C v , C h , C 6 ) OTHOCHTejibHO paccMaTpHBaeivioro CKajiapHoro npoH3Be^eHH5i: 

<9v 

{C) v (y, h,9) = — + z/Av - V x (V x v) + VCH. x (V x h) - v x (V x V) 
ot 

-rv x e 3 + 50e 3 + 0Ve), 

dh 

(£*) h (v, h) = — + V Ah + V x (H x v) + V(v x (V x H) - V x (V x h)), 

f)9 

(£*) e (v, 9) = — + kA9 + (\- V)9 + /3v 3 , 

V - onepaTop npoeKnnn TpexMepHoro BeKTopHoro nojia b npocTpaHCTBO coneHOH- 
^ajibHbix nojieii. OnepaTop C* onpe^ejieH KoppeKTHO, Hanpniviep, ecjin ncxoflHoe 
cocTOHHHe V, H, 9 nepHO^HHHO no npocTpaHCTBy h CTannoHapHO iijiii nepiiofliiHHO no 
BpeMeHH, n oSjiacTb ero onpeflejieHHH coctoht h3 (pyHKnnii, TaKJKe CTannoHapHbix 
h/hjih nepno^nnHbix. B o6meM cjiynae nncjieHHoe penieHne 3a^ann (44) npoSjieivia- 
thhho, t.k. onepaTop C* He napaSojinnecKHH. OSohth 3Ty cjio>KHOCTb mojkho cjie^yio- 
iuhm o6pa30M: ^Jia Hen3BecTHbix nojien Z v HyjieBbie "HanajibHbie" ycjiOBHa CTaBHM 
npn t — t > 0, a 3aTeM pemaeM (44) b CTopoHy ySbiBaiomero BpeMeHH t = (npn 
o6pam;eHHH BpeMeHH onepaTopbi (C*) v , (C*) h n (C*) 9 CTaHOBHTCH napaSojinnecKHMn). 
nojiyneHHoe penieHne, 3aBHCflmee ot t, o6o3HanHM Z{t; x, t). Tor^a npocTpaHCTBemio- 
BpeMeHHoe ycpeflHeHne no Sbictpmm nepeMeHHbiM CKajiapHbix npoH3BefleHHii b (45) 
onpe^ejiaeTCH paBeHCTBOM 

1 ft f L/2 r e/2 f e/2 
(F ■ Z)) = lim lim / / / / F(x, t) ■ Z(t; x, t) dxt dx 2 dx 3 dt 

t-voo^oo tL£ 2 J0 J-L/2 J -1/2 J-e/2 

(ecjin yKa3aHHbiH npe^eji cyni;ecTByeT, - HanpHMep, ecjin ncxo^Hoe cocToaHne V, H, P 
KBa3HnepHO^HHHO no BpeMeHn). 
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8. BbiBO^Bi. PaccMOTpeHa ycToimnBOCTb iteHTpajibHO-CHMMeTpH^Horo Mr,H COCTO- 
aHHfl, He HMeiomero 6oji£>hihx MacnrraSoB, no OTHOineHiiio k B03MymeHnio, b kotopom 
npncyTCTByiOT 6ojibniHe npocTpaHCTBeHHbie n BpeMeHHbie MacnxraSbi. ElocTpoeHO 
aciiMiiTOTHHecKoe pa3Jio»ceHHe B03Myin;eHHa n BbiBefleHbi ypaBHemia (36) , (40) sbojiio- 
ithh b HejiHHenHOM pe^Knivie rjiaBHoro ujieHa pa3Jio>KeHH5i B03MymeHHH, ycpe^HeHHoro 
no MajibiM npocTpaHCTBeHHO-BpeMeHHbiM MacnrraSaM. 
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